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Abstract 
 
 
Visual Performance in Pseudophakia 
The effect of meridional blur in pseudoaccommodation 
 
Pedro Miguel Serra 
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The main aim of this thesis is to evaluate the effect of meridional blur, using refractive 
induced astigmatism, on visual performance at far and close distances.        
 
Visual performance was evaluated using letter discrimination tasks at distance and 
near (visual acuity, VA) and a reading task at near on subjects with pharmacologically 
blocked (young) or absent accommodation (presbyopic and pseudophakic). The effect 
of astigmatism was tested using positive cylindrical lenses oriented at 180 and 90 
degrees, these simulating with- (WTR) and against-the-rule (ATR) astigmatism. Other 
refractive status were also evaluated, namely, in-focus and spherical defocus. The 
visual performance data were correlated with biometric measurements (pupil size, 
anterior chamber depth (ACD), corneal and ocular aberrations, corneal multifocality, 
patient age, axial length). Further, the functionality of meridional blur was evaluated for 
alphabets in addition to the standard Roman alphabet using a VA task.       
 
The results confirm that myopic astigmatism contributes to a better visual performance 
at closer distances, with ATR astigmatism providing higher performance for reading 
tasks compared to other forms of astigmatism. Anatomical factors such as pupil size, 
corneal multifocality and ACD were significantly correlated visual performance, while 
other ocular characteristics were not. Ray tracing modelling using wavefront data was a 
moderate predictor of VA and reading acuity. The results of the effect of meridional blur 
orientation on alphabets other than the Roman alphabet, suggest that visual 
performance is dependent on the interaction between blur orientation and letter’s 
spatial characteristics.      
 
iii 
 
In conclusion, pseudoaccommodation is a multifactorial phenomenon with pupil size 
being the major contributor for the improvement in visual performance. Against-the-rule 
shows advantages over WTR astigmatism, by providing higher reading performance, 
however extending the present and previous findings for clinical application will require 
further investigation on the effect of meridional blur in common and socio-culturally 
adapted tasks. 
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Thesis Outline 
 
This thesis is divided in five main chapters, subdivided in various sub-chapters. The 
main chapters include a general introduction (Chapter I), a general methodology 
description (Chapter II), the experimental work description (Chapter III), a final 
conclusion (Chapter IV) and a references chapter (Chapter V). 
 
The introductory chapter includes two sub-chapters, the initial one describing the status 
of cataract surgery in the world with special emphasis on the developing world. The 
second sub-chapter consists in a literature review about the topic of 
pseudoaccommodation, which forms the principal topic of the thesis.    
 
The general methodology is composed of eight sub-chapters describing the 
investigative techniques used during the experimental work namely, Visual Acuity, 
Reading Performance, Contrast Sensitivity, Corneal Topography, Optical Biometry, 
Pupil Photography and Aberrometry. The Surgical Protocol is also described. The sub-
chapters contain a summary of the fundaments of each technique and three of them, 
Reading Performance (II.B), Contrast Sensitivity (II.C) and Aberrometry (II.G), include 
data presentation and its analysis.   
 
Chapter III is divided in six sub-chapters and describes the experimental work 
developed. The first sub-chapter reports visual performance data from a pilot study 
(III.A) that led to the following three sub-chapters, one (III.B) evaluated visual 
performance in pseudophakic subjects. A second chapter (III.C) relates the anatomical 
characteristics of the pseudophakic subjects with the visual performance data and a 
third one (III.D) compares optical modelling and subjective visual performance. The fifth 
sub-chapter reports the outcomes of a visual acuity experiment using different 
alphabets and letter presentation arrangement. The sixth sub-chapter describes the 
influence of astigmatic blur on the accommodative response.      
 
The last chapter, Conclusion, provides a summary for the overall work reported 
previously.   
  
1 
 
 
 
 
 
 
CHAPTER I 
 
 
I.A. Cataract and Cataract Surgery in the Developing 
World 
 
 
I.A.1 Introduction 
 
Cataract is the commonest cause of blindness worldwide, representing 47.8% of the 
total number of cases (Resnikoff et al., 2004). The World Health Organization (WHO) 
estimated in 1998 that cataract blindness affected between 16 and 20 million people 
(Thylefors, 1998). A later estimate established the backlog as 20 million cases suffering 
from bilateral cataracts (Baltussen et al., 2004). In 1997, it was estimated that 1 person 
per 1000 became blind every year representing 600 000 and 900 000 cases in Africa 
and India, respectively (WHO, 1997). It is estimated that by the year 2020 the total 
number of cases of blindness will have risen to 76 million, with a large majority being 
associated with cataract (Frick and Foster, 2003). The estimate derived from national 
surveys from several developing countries indicates that 75% of the cases of blindness 
are related to cataract (Tabin et al., 2008). The classification of visual status as defined 
by the WHO based on visual acuity (VA) is summarized, in Table I.A.1.  
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Table I.A.1  Visual status classification (Tabin et al., 2008) 
Blindness VA < 20/400 (6/120) in the better eye with available correction 
Severe Visual 
Impairment 
VA t 20/400 and < 20/200 (6/60) in the better eye with available correction 
Visual Impairment VA t 20/200 and < 20/60 (6/18) in the better eye with available correction 
Normal Vision VA t 20/60 in the better eye with available correction 
 
Age related cataract is an ocular condition associated with the growth of the crystalline 
lens during life, due to new fibres that continue to be laid down on the top of previous 
ones which are not replaced during life. Crystalline lens transparency is maintained due 
to the microscopic structure and chemical components that maintain its optical 
homogeneity. With ageing there is a gradual modification of the structure of the lens 
proteins, resulting in loss of solubility and protein condensation into high molecular 
weight aggregates or aggregates containing heterogeneous concentration of proteins. 
This disrupts the regular disposition of lens fibres, leading to a decrease in 
transparency with a consequent reduction in light transmission (Benedek, 1997, Allen 
and Vasavada, 2006) and an increase in light scatter.  
 
The main factor associated with age related cataract is, of course, non-modifiable i.e. 
increasing age. Modifiable risk factors include ultra-violet (UV) radiation exposure 
(Dolin, 1994), consumption of alcohol (Hiratsuka et al., 2009), smoking (Cumming and 
Mitchell, 1997), malnutrition (Athanasiov et al., 2008), dehydrating diseases (Minassian 
et al., 1989) and diabetes (Bekibele et al., 2003, Nirmalan et al., 2004). In developing 
regions where exposure to these risk factors is higher, the average age of cataract 
onset is lower. This increases the morbidity rates in the active population and increases 
the severity of the disease at more advanced ages. 
 
Reducing risk exposure would contribute to an increase in the cataract onset age, 
helping to reduce the backlog of cataract patients requiring surgical management. 
Although this might have been achieved in the developed world it is unlikely to be so in 
the developing world. Therefore the current and standard treatment for cataract is 
surgery (Brian and Taylor, 2001).   
 
At present cataract surgery is implemented differently in different regions of the world. 
In developed countries national health services employ the best surgical procedures 
aiming to optimize visual outcomes and reduce surgery related complications (Zaidi et 
al., 2007, Jaycock et al., 2009). In developing countries the priorities of national health 
services and non-governmental organizations is to reduce the backlog of cataract 
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patients by providing basic visual outcomes that enable these regions’ inhabitants to 
have navigational vision and be functionally independent (Johnson, 2000, Yorston, 
2005). 
  
Cataract surgery in developing countries faces major barriers that hamper the 
achievement of better results from cataract reduction programs (Yorston, 2005). One of 
the main problems is awareness of the cataract surgery benefit, because local 
populations accept this ocular ageing condition as normal without understanding the 
potential benefit from treatment (Brilliant et al., 1991, Snellingen et al., 1998, Rabiu, 
2001, Jadoon et al., 2007, Mathenge et al., 2007a).  The quality of services offered is 
another factor that contributes to the relatively low numbers of people seeking surgery. 
Poor visual outcomes as result of surgical techniques without intraocular lens (IOL) 
implantation, with a consequent need for aphakic spectacles which may be difficult to 
source, may explain in part why patients do not value cataract surgery. This suggestion 
is supported by the rising number of patients attending centres where IOL implantation 
has been established as a routine procedure, contributing to better uncorrected visual 
outcomes (Yorston, 2005). Social factors such as the status of the elderly patients and 
distrust of the surgical service also represent major obstacles (Yorston, 2005, Jadoon 
et al., 2007, Mathenge et al., 2007a). Other factors such as: treatment cost (Rabiu, 
2001, Brian et al., 2006); affordability to the patient; sparse population densities that 
increase the travelling distance; the difficulty of the journey to reach health facilities; 
and the decreased availability of trained personnel in isolated and rural regions (Li et 
al., 1999, Yorston, 2005) are also important barriers to the success of cataract surgery 
programs. Another factor identified as a barrier to cataract surgery was gender, with 
women being 1.71 times less likely to have cataract surgery than men (Lewallen et al., 
2009). This only applies in certain regions of the world (Carter et al., 2011). 
 
Depending on the impact of these factors, the cataract surgical coverage (CSC) varies 
considerably between regions. The CSC is defined as the percentage of individuals or 
eyes with operable cataracts that have undergone cataract surgery and may be used to 
evaluate the availability of the eye care services (Tabin et al., 2008). Cataract surgical 
coverage tends to increase with poor pre-operative VA, as shown by the CSC 
percentages from different world regions, Table I.A.2. This indicates that cataract 
surgery delivery is covering the part of the population that most needs treatment, but 
may be leaving untreated other patients that still have significant visual impairment.    
 
Chapter I.A Cataract and Cataract Surgery in the Developing World  
 
4 
 
Table I.A.2 Cataract surgical coverage in several parts of the world. Partially extracted from 
(Tabin et al., 2008). 
Study Country Region 
Cataract Surgical Coverage (individuals) 
(%) 
VA < 6/120 VA < 6/60 VA < 6/19 
(Jadoon et al., 
2007) 
Pakistan National 77.1 69.3 43.7 
(Sapkota et al., 
2006) 
Nepal Gandaki Zone - 59.5 - 
(Oye and Kuper, 
2007) 
Cameroon Limbe Urgan Area 80 71 - 
(Oye et al., 2006) Cameroon Muyuka, South 
West Prince 55 63 - 
(Nkomazana, 
2007) 
Botswana National 66.5 - - 
(Mathenge et al., 
2007a) 
Kenya Nakaru district 78 48.3 - 
(Mathenge et al., 
2007b) 
Rwanda West Province 47.2 42.6 21.4 
(Brian et al., 
2006) 
Timor-Leste Dili & Bodonaro 20.2 - - 
(Eusebio et al., 
2007) 
Philippines Negros Island 61.6 57.9 27.0 
 Philippines Antique District  61.5 50.8 32.1 
(Athanasiov et al., 
2008) 
Myanmar Meiktila District 9.7 20.1 22.3 
(Limburg et al., 
2009) 
Paraguay National 44 36 32 
 Peru Piura & Tumbes 
Districts 24 12 7 
 Argentina Part of the capital 74 66 47 
 Brazil Campinas city 89 83 69 
 Cuba Havana city 74 65 40 
 Venezuela National 70 59 52 
 Guatemala Four districts 38 29 15 
 Mexico Nuevo Leon State 79 64 50 
 Chile Bio Province 76 71 45 
(Zhao et al., 
2010) 
China 9 Provinces - 35.7 - 
(Thapa et al., 
2011) 
Nepal Bhaktapur 90.4 - - 
 
 
I.A.2 Pre-Operative Visual Acuity 
 
It is accepted that a cataract surgery threshold based on VA does not exist and surgery 
is normally dependent on the visual function and quality of life data (Brian and Taylor, 
2001), assessed using objective visual outcomes and questionnaires such as VF-14 
questionnaire (Steinberg et al., 1994). However VA measurements still provide a good 
characterisation of a population’s visual status, which can be used to estimate the 
impact of cataract and cataract surgery on the population (Limburg, 2002).     
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Developed countries have reported an increase (better VA) in cataract surgery VA 
threshold. A Danish study reported an increase in VA from 6/150 in 1980 to 6/36 in 
1992 (Norregaard et al., 1996)  and a recent study in the United Kingdom (UK) 
reported a modal pre-operative VA equal to 6/36 (Zaidi et al., 2007). Another large 
audit in the UK advanced that between 2001 and 2006 42.9% of the operated eyes had 
VA equal or higher than 6/12 (Jaycock et al., 2009). This increase in cataract surgery 
threshold VA may have been related to improvements in post-operative visual 
rehabilitation, especially due to the introduction of IOL implants, increased awareness 
of the cataract problem amongst the elderly population, higher demand due to more 
active life styles and the increased availability of ophthalmic services.  
 
Similar conclusions have been made when comparing two types of population living in 
the same world region but in rural and urban settings. An Australian study showed that 
Aboriginal patients presented with an average pre-operative VA worse than 6/60, which 
made them legally blind, compared with 6/24 in the non-Aboriginal/urban group (Hewitt 
et al., 2001). Similar pre-operative VA results have been reported in other developing 
regions. Cook (1996) in Sierra Leone, Africa reported that 51% of the patients were 
legally blind in the better eye and 91.7% had pre-operative VA less than 6/120. In the 
large scale Madurai IOL study all investigated patients had VA worse than 6/36 
(Natchiar et al., 1998) and He et al. (1999) in China reported that 39.4% were 
bilaterally blind with only 8.3% having VA higher than 6/18 in both eyes. These last 
figures from China contrast with more recent ones derived from another large Chinese 
study, of best corrected distance visual acuity (BCDVA): 57.6% (6/9.5 or better), 6.2% 
(VA of 6/9.5  to 6/19), 18.5% (VA of 6/19 to 6/60) and 17.7% (worse than 6/60) (Zhao 
et al., 2010). There are still large gaps between various world regions, as can be seen 
in a study from Myanmar where 90% of the population enrolled presented with bilateral 
BCDVA lower than 6/18 (Athanasiov et al., 2008). These figures contrast with others 
from rural Indonesia where 99% of the operated population during the course of the 
study had VA d 6/60 and 73.6% of these were also blind in the fellow eye (Bani et al., 
2012). 
 
The low pre-operative VA levels found in many developing countries or isolated 
regions, shows that cataract surgery technique has to be adapted to the conditions of 
the population, aiming to restore normal visual levels with a low rate of intra and post-
operative complications.   
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I.A.3 Type of Surgery  
 
Cataract surgery performed in developing countries and poor regions has evolved in 
order to reduce the unit cost of cataract surgery, commensurate with achieving a visual 
level that enables patients to be independent and active members of society (Yorston, 
2005). Most recognized surgical techniques in the developing world evolved from the 
initial Intracapsular Cataract Extraction (ICCE) to Extracapsular Cataract Extraction 
(ECCE) (Stark et al., 1989) and more recently to Manual Small Incision Cataract 
Surgery (MSICS) (Ruit et al., 2000a, Gogate et al., 2003), the last two with 
intraoperative insertion of a posterior chamber intraocular lens (PCIOL). Also the 
applicability of phacoemulsification (PHACO), the standard technique in the developed 
world (Jaycock et al., 2009) was explored in developing regions (Hennig et al., 2010).  
 
Despite the superior refractive outcomes provided by PHACO compared with other 
ECCE surgical techniques (Riaz et al., 2006) the increased cost involved in material 
and surgical training makes PHACO a less suitable technique for large volume cataract 
surgery services (Ruit et al., 2007, Gogate et al., 2007). Another associated reason for 
the low efficiency of PHACO was the difference between the type of cataract 
encountered in developed countries compared with developing ones. In the developing 
countries brunescent hard cataracts are common which makes the procedure more 
difficult, time consuming (Gogate et al., 2007) and more prone to complications 
(Bourne et al., 2004). In terms of visual outcomes, PHACO has been shown to produce 
higher performance when compared with sutureless ECCE, especially in terms of 
uncorrected distance visual acuity (UCDVA) (Minassian et al., 2001, Gogate et al., 
2007, Ruit et al., 2007). This is likely to be due to a higher amount of surgically induced 
astigmatism (SIA) induced in ECCE surgeries compared with PHACO (Gogate et al., 
2005). In a meta-analysis evaluation comparing PHACO and MSICS, the latter 
procedure was found to provide earlier visual recovery than, and comparable visual 
outcomes to, PHACO (Riaz et al., 2006).   
      
The selection of a standard surgical technique in hospitals and eye camps in 
developing regions should rely not only on economic factors but should also be 
adapted to the pathology characteristics. This is the reason why ECCE and more 
recently MSICS are the most commonly applied surgical techniques in the developing 
world. 
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I.A.3.1 From ICCE to ECCE 
 
Intracapsular Cataract Extraction which involves complete removal of the crystalline 
lens, including the capsule that holds it in place, was the most common type of cataract 
surgery adopted in developing countries (He et al., 1999, Bourne et al., 2003). 
Improvement of the poor visual outcome resulting from aphakia, usually worse than 
6/60 distance visual acuity (Yorston and Foster, 1999), relied on the prescription of 
aphakic glasses (AG) (Thulasiraj et al., 2002). Although the benefits of aphakic 
correction can be easily confirmed by the improvement in visual acuity, normally taking 
the majority of patients from a level of severe visual impairment, VA < 6/60 to normal 
levels of VA, VA > 6/18 (Prajna et al., 1998), the reality shows that a large percentage, 
25% (Bourne et al., 2003) to 30% (Bourne et al., 2007) of aphakes do not use aphakic 
correction. This fact increases the percentage of aphakic correctable blindness in 
developing regions (Bucher and Ijsselmuiden, 1988, Bourne et al., 2003, Bourne et al., 
2007), and contributes to the suboptimal results of cataract surgery programs, which 
are not able to fully restore adequate vision levels. 
 
Several reasons have been advanced regarding the absence of aphakic correction in 
post-ICCE patients. One of them is the isolated and rural areas where operated people 
dwell and the scarcity of professional eye care in these regions (Potter, 1998). 
Furthermore ICCE is the most common type of surgery performed in eye camps which 
are usually set up in rural areas, contributing to the increased number of aphakic 
patients these regions (Bourne et al., 2003). A second factor is the economic power of 
these populations, which generally is low and prevents patients being able to pay for 
new spectacles or repair broken ones (Hogeweg et al., 1992, Bachani et al., 1999).  
 
Introducing a new surgical technique with IOL implantation would on its own decrease 
the percentage of correctable aphakic blindness and provide higher post-operative 
visual outcomes. The procedure adopted, the ECCE with PCIOL (ECCE-PCIOL), 
consists of the implantation of an IOL inside the lens capsule after removal of 
crystalline lens core (Stark et al., 1989). A large randomized clinical trial demonstrated 
that ECCE-PCIOL was safe and as effective as ICCE with AG (ICCE-AG) with similar 
visual outcomes if aphakic correction was used (Prajna et al., 1998). Patients receiving 
ECCE-PCIOL reported greater benefits and fewer vision related problems, such as 
visual perception (magnification), peripheral vision (restricted fields) and sensory 
adaptation (coordination), than did ICCE-AG patients (Fletcher et al., 1998). In addition, 
ECCE-PCIOL makes, in the majority of cases, the prescription of optical correction less 
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essential, reducing the follow up period and increasing the success of the therapy 
(Bachani et al., 1999).  
 
Studies comparing visual outcomes obtained by ICCE and ECCE reflect a clear trend 
towards better results achieved with an ECCE technique even when ECCE outcomes 
are assessed without best correction (Bourne et al., 2003, Bourne et al., 2007). Anjum 
et al. (2006) reported a large difference in VA, using patients’ own spectacles, between 
pseudophakes and aphakes. The study noted that a large number of patients had 
never had spectacles after surgery, contributing to the poor visual acuities reported. To 
some extent this is also shown by the large percentage of pseudophakes with visual 
impairment 74%. An extremely good ECCE outcome was reported in the Madurai study 
(Prajna et al., 1998) with 83.7% of the patients that underwent surgery having normal 
vision (VA ≥ 6/18) without spectacle correction and no biometry performed prior 
surgery. Before, other studies had reported promising visual outcomes with ECCE-
PCIOL without biometry resulting in 47.9% achieving VA better than 6/15, IOL between 
+18.00 and +22.00 DS (Ruit et al., 1999) and with biometry 41.7% could see more than 
6/18 (Cook, 1996).  
 
The Madurai Intraocular Lens Study (Prajna et al., 2000) reported an absence of a 
clinically relevant difference in frequency of intraoperative complications between ICCE 
and ECCE-PCIOL. Other studies where ECCE-PCIOL was performed presented higher 
complication rates, mainly related to vitreous loss 6.4 - 11%  (Lewallen and 
LeMeasurier, 1993, al Faran, 1990) and approximately 10% incidence of posterior 
capsule rupture (Egbert and Buchanan, 1991, Cook, 1996), which are much higher 
than the 1.2% and 0.9% found in the Madurai study. The most common long term 
complication observed in patients undergoing ECCE-PCIOL was posterior capsule 
opacification (PCO) with values varying from 20% to 40% (Thulasiraj et al., 2002, 
Bourne et al., 2003, Bourne et al., 2007, Ruit et al., 1991). Zhao et al. (2010) reported 
that the most common cause of visual impairment (VA < 6/19) in a cataract operated 
population was PCO accounting for 25% of the total number of individuals. Another 
study reported that PCO affected 13.1% of the population in a 4-year post-operative 
period with the majority of operated eyes achieving VA equal or higher than 6/12 and 
only 1% had VA lower than 6/60 (Prajna et al., 2000). 
 
As an alternative to avoid PCO, the safety and visual outcomes of anterior chamber 
IOLs (ACIOL) were investigated. Other advantages of using ACIOL during ICCE 
surgery would include the impossibility of holding a PCIOL in cases where a mature 
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cataract was extracted, due to the presence of degenerated capsules and zonules, and 
the possibility to correct previously operated aphakes with IOLs (Waddell et al., 2004). 
As far as visual outcomes are concerned, visual acuities were found to be similar 
between ICCE-AG and ICCE with ACIOL (ICCE-AG) (Snellingen et al., 2000), Table 
I.1.3, and ICCE-ACIOL and ECCE-PCIOL. However the complication rates verified in 
the ECCE-PCIOL group were half that of the ICCE-ACIOL, leading the authors to 
suggest that the PCIOL technique should be the preferred one. 
 
Table I.A.3 Visual outcomes of different studies comparing Extracapsular Cataract Surgery 
(ECCE) and Intracapsular Cataract Surgery (ICCE). 
Study Type of 
Surgery 
Visual Acuity Evaluation 
Time 
Condition Region 
>6/18 [6/18-
6/60] 
<6/60 
(Ruit et al., 
1991) 
ECCE+IOL 47.9% 
(>6/15) 
40% 12.1% 2 years Not corrected 
No biometry 
IOL [+18.0; 
+22.0]  
Nepal 
(Cook, 1996) ECCE+IOL 41.7% 
(>6/15) 
27.1% 31.2% 4 weeks Not corrected 
Biometry 
Sierra 
Leone 
Africa 
(Prajna et 
al., 1998) 
ICCE+AG† 95.5% 2.9% 1.6% 1 year † Best 
corrected 
‡ Not 
corrected 
No biometry 
India 
ECCE+IOL† 97.6% 1.3% 1.1% 
ECCE+IOL‡ 83.7% 15.3% 1.0% 
(Kapoor et 
al., 1999) 
ICCE+AG† 78.1% 16.3% 5.6% 6 week † AG from 
+9.0 to +11.00 
D 
‡ Best 
corrected 
India 
ECCE+IOL‡ 87.9% 10.2% 1.9% 
(Bachani et 
al., 1999) 
ICCE+AG 44.7% 29.9% 25.4%   India 
ECCE+IOL 71.4% 17.8% 10.8% 
(Snellingen 
et al., 2000) 
ICCE+AG 86.6% 9.8% 3.6% 2 years Best corrected South Asia 
ICCE+ACIOL 88.8% 7.3% 3.9% 
(Bourne et 
al., 2003) 
ICCE+AG 61.3 24.1 14.6 Unknown Best corrected Bangladesh 
ECCE+IOL 80.0% 20.0% 0.0% 
(Anjum et 
al., 2006) 
ICCE+AG 0.0% 33.1% 66.9% Unknown Best available 
correction 
Pakistan 
ECCE+IOL 12.4% 74.2% 13.4% 
(Bourne et 
al., 2007) 
ICCE+AG 41.5% 32.2% 26.3% Unknown Best corrected Pakistan 
ECCE+IOL 64.4% 21.9% 13.7% 
 
In terms of the economic effectiveness of cataract surgery, this has been reported as 
being an extremely cost-effective intervention in the developing world. Associated with 
this is the higher effectiveness of ECCE compared with ICCE, due to the improvement 
in post-operative rehabilitation without the need for aphakic spectacles (Chang et al., 
2008). Although ECCE uses IOLs, which are an increased cost in surgical material, this 
has been minimised by the low price of IOL production and purchasing. The low cost of 
a single ECCE surgery in eye camp settings, (US$20), with an IOL cost of 
approximately US$6 has turned the ECCE-PCIOL into the preferred procedure in 
developing world (Ruit et al., 1999).  
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The trend towards ECCE-PCIOL surgery can be verified in the ICCE:ECCE-PCIOL 
ratios in two studies. One study in Bangladesh (Bourne et al., 2003) showed that 
before 1996 ICCE outnumber ECCE-PCIOL surgeries by a proportion of 25:1 and after 
2000 the ratio fell to 3.8:1. Another study in Pakistan (Bourne et al., 2007) reported that 
before 2003 the ratio was 3.3:1 and between 2003 and 2007, both surgeries were 
undertaken in similar proportion 1:1.2. 
 
 
I.A.3.2 Advantages of Sutureless Extracapsular Cataract Surgery  
 
The establishment of ECCE-PCIOL as the standard technique in developing regions’ 
cataract surgery centres led to the development of the MSICS. This new procedure, 
similar to conventional ECCE, has its main difference and advantage based upon the 
nature of the surgical incision. Standard ECCE is performed inducing an 8 mm or larger 
incision near the limbus to extract the crystalline nucleus, the incision wound is then 
sutured, which increases the surgery time and increases the cost related to the suture 
material used. In the MSICS the incision is done approximately 2 mm posterior to the 
limbus with a 6 to 7 mm width and the access to the anterior chamber is made by 
constructing a sclerocorneal tunnel (Gogate et al., 2003). After the insertion and 
placement of a non-foldable PCIOL the wound self-seals without the need for sutures, 
even in large 8 mm incisions (Lam et al., 2007).  Major advantages of this technique 
are that it does not rely on complex instrumentation and expensive consumables as 
does PHACO. The cost per surgery is ~US$15 for MSICS and ~US$42 for PHACO 
(Gogate et al., 2007).  Furthermore, it allows for short operating times below 8 minutes 
(Venkatesh et al., 2005b), considerably lower than PHACO (Gogate et al., 2007). 
When compared with ECCE, MSICS has the advantages of a slightly lower economic  
cost and faster visual recovery time (Gogate et al., 2003).   
 
The percentage of intraoperative complications, at 5% for MSICS was found to be 
slightly greater than for standard ECCE (2.6%) and the same trend was found for post-
operative complications at six weeks, with 32.3% incidence in sutureless ECCE and 
25% for the standard technique. The main immediate post-operative complication for 
MSICS was corneal stromal oedema which was significantly different from the standard 
ECCE and the most common long-term complication was PCO, which did not differ 
between the two techniques (Guzek and Ching, 2003). These complication rates are 
comparable but larger than outcomes reported from an eye camp in Pakistan where 
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the majority of surgeries performed were MSICS with 1.9% and 12.6% complication 
rates for intra and first post-operative day respectively. The main causes of post-
operative complications were iritis and corneal oedema (Venkatesh et al., 2005b). 
Congdon et al. (2008) assessed the impact of PCO on visual acuity and subjective 
visual function (questionnaire) at approximately one year post-surgery. They verified 
that PCO affected 17% of the evaluated population, with an impact on VA but not on 
visual function.   
 
Improvements in the visual condition, from pre-operative VA to uncorrected post-
operative VA, show the efficiency of restoring normal visual acuity levels using cataract 
surgery with standard and sutureless ECCE techniques, Figure I.A.1.  An average of 
88.6 ± 5.4% of patients in different studies had a pre-operative VA lower than 6/60, and 
after surgery only 2.8 ± 2.5% (average) had a VA inferior to 6/60 (Hennig et al., 2003, 
Gogate et al., 2003, Guzek and Ching, 2003, Venkatesh et al., 2005b, Lam et al., 
2007).  
 
 
Figure I.A.1 Compilation of different studies showing pre-operative and post-operative VA (not 
corrected) using MSICS as the standard surgical technique (Author compilation).  
 
Visual acuity outcomes from MSICS are very similar to those obtained when a standard 
technique was used (Table I.A.4) in similar settings (Gogate et al., 2003, Guzek and 
Ching, 2003) and across different studies (Ruit et al., 2000a, Hennig et al., 2003, 
Venkatesh et al., 2005b, Lam et al., 2007). On average more than 50% (55.7 ± 13.1%) 
of the eyes operated on with sutureless ECCE, achieved normal levels of UCDVA (VA 
> 6/18) as a result of IOL power calculation, which minimises the post-operative 
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refractive error. When BCDVA is considered however, the percentage of patients 
presenting with normal VA increases to 92.3 ± 2.9%.    
 
Correction of refractive error in both types of surgery induces an increase of 
approximately 35% in the number of patients achieving normal levels of VA, according 
to the studies referenced in Table I.A.4. The major optical factor advanced to justify the 
difference between UCDVA and BCDVA, was post operative astigmatism (Hennig et 
al., 2003, Lam et al., 2007), since post-operative spherical errors were generally 
controlled by IOL calculation.  
 
Table I.A.4 Post-operative visual acuity outcomes for sutureless ECCE and standard ECCE. 
Study Type of Surgery Visual Acuity Evaluation 
time 
Condition 
>6/18 [6/18-
6/60] 
<6/60 
(Ruit et al., 
2000a) 
MSICS Uncorrected 64.9% 33.6% 1.5% 3 to 8 
weeks 
Biometry 
Corrected 95.9% 4.1% 0.0% 
(Hennig et 
al., 2003) 
MSICS Uncorrected 58.3% 38.0% 3.7% 1 year Biometry 
Corrected 94.9% 4.3% 0.8% 
(Gogate et 
al., 2003) 
MSICS Uncorrected 47.9% 47.7% 4.4%  Biometry 
Corrected 89.8% 8.4% 1.7% 
Standard 
ECCE+PCIOL 
Uncorrected 37.3% 57.5% 5.8%  Biometry 
Corrected 86.7% 12.2% 1.1% 
(Guzek and 
Ching, 
2003) 
MSICS Uncorrected 73.4% 21.1% 2.5%  Biometry 
Corrected 92.6% 6.8% 0.6% 
Standard 
ECCE+PCIOL 
Uncorrected 65.0% 35.0% 0.0%  Biometry 
Corrected 90.3% 9.7% 0.0% 
(Venkatesh 
et al., 
2005b) 
MSICS † Uncorrected 43.9% 51.0% 5.3%  Biometry 
Majority of 
surgeries 
Corrected 94.4% 4.0% 1.6% 
(Lam et al., 
2007) 
MSICS Corrected 92.6% 6.3% 1.1% 1 day Biometry 
Only 
examined 
patients 
(Ruit et al., 
2007) 
MSICS Uncorrected 88.9% 11.1% 6 months Biometry 
Corrected 98.1% 1.8% 
(Venkatesh 
et al., 2010) 
MSICS Uncorrected 81.7% 16.6% 1.7% 6 weeks Biometry 
Corrected 98.3% 1.7% 0.0% 
 
One of the advantages of MSICS over standard ECCE is the lower amount of SIA, 
related with the wound width (Burgansky et al., 2002) and position (Kimura et al., 
1999). Differences in SIA between techniques showed the presence of a higher 
amount of astigmatism in standard ECCE compared with MSICS. Hening et al. (2003) 
using a 6 to 8 mm, 12 o’clock incision reported at the sixth post-operative week, the 
surgically induced astigmatism was 1.41 ± 0.8 D with a mean axis at 103q ± 37.5q. This 
reported SIA is similar to other studies 0.94 ± 1.23 D (12 o’clock incision) (Ruit et al., 
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2000a) and 1.13 ± 0.84 D (temporal incision) (Ruit et al., 2000a), 1.41 ± 0.72 D (12 
o’clock incision), 1.02 ± 0.66 D (temporal incision) (Kimura et al., 1999), 1.20 ± 0.36 D  
(Venkatesh et al., 2010) and 1.36 ± 0.77 D (12 o’clock incision and 7 mm width) 
(Burgansky et al., 2002) in terms of power and with an against-the-rule shift (Yorston 
and Foster, 1999). Kimura et al. (1999) argued that the amount of SIA was dependent 
on the pre-operative axis. This was associated with a flattening effect in pre-operative 
WTR astigmatic corneas and a steepening effect in pre-operative ATR astigmatic 
corneas. 
 
I.A.4 The Role of Biometry in Developing Regions 
 
Achieving the aim of an emmetropic (Hillman, 1982) or planned ametropic result 
(Hillman, 1983) in cataract surgery relies almost always on a pre-operative evaluation 
based on keratometry, biometry and insertion of a personalized power IOL. Although 
this is a fundamentally established practice in developed countries using advanced 
techniques such as partial coherence interferometry (PCI), this is not reflected in 
developing world cataract surgery projects, where A-scan ultra-sound biometry is 
scarce (Ruit et al., 1999, Yorston, 2005). The use of a standard power IOL, avoiding 
pre-operative biometry, is commonly reported aiming to minimise surgery’s cost, based 
on the “prohibitive” cost of material transport in these areas (Murchison et al., 2004), 
trained personnel to perform biometry  (Beatty et al., 2004) and IOL cost minimisation 
(Lombard et al., 2009). Using a single IOL power however, leaves many patients with 
higher amounts of post-operative refractive errors, due to the normal distribution of the 
natural crystalline lens power (mean refractive power 25.5 r 3.0 D, range: 13.9 to 36.6 
D) (Iribarren et al., 2012) and subsequently IOL powers (Lombard et al., 2009). This 
contributes to the increased number of patients with post-operative visual impairment 
due to high refractive errors (Ruit et al., 1999), which may represent a problem, 
especially when refraction services are not available. Murchison et al. (2004) 
performed biometry in approximately 5000 eyes finding that 90% of the population 
required an IOL between +19.0 and +23.0 DS, and a mode of +22.0 DS. By using a 
+22.5 DS IOL the post-operative refraction would target low-myopia and providing 
optimal UCDVA.        
 
Several studies aiming to determine standard IOL powers in different cataract surgery 
sets (Table I.A.5) have shown regional or ethnic variations in the mean IOL power 
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required for emmetropia. This suggests that the election of a unique power IOL should 
rely on previous biometric studies on the targeted population (Ruit et al., 1999, La 
Nauze et al., 1999). An example is the relatively lower +20.0 D IOL power in the 
Taiwanese study, due to the high prevalence of myopia in that country (Yeh et al., 
2004).       
 
Table I.A.5 Mean intraocular lens power for different populations aiming to determine a 
standard IOL power for cataract surgery. 
Study n 
IOL power [D] 
Population Mean ± SD Range 
(Connell et al., 1997) 405 21.83 ± 3.5 1.6-34.5 Eritrea 
(La Nauze et al., 1999) 346 21.44 ± 2.8 11.0-29.5 Vietnam 
(Murchison et al., 2004) 5109 21.37 ± 3.0 - Nepal 
(Yeh et al., 2004) 3068 20.00 ± 5.1 6.5-25.5 Taiwan 
(Zhou et al., 2007) 211 21.00 ± 2.9 - China 
(Lombard et al., 2009) 103 20.38 ± 2.9 12.0-28.0 Southeast Asia Central 
and South America 
 
The benefits of personalized IOL power in avoiding high post-operative refractive errors 
are well known in western countries (Zaidi et al., 2007), showing a higher percentage 
(Table I.1.6) of small refractive errors, within ± 1.0 D when using pre-operative biometry 
compared with no biometry (Thompson and Mohan-Roberts, 1986, Singh and Dahalan, 
1987). Singh et al. (1987) reported that 58.3% and 32.6% of the patients obtained a VA 
better than 6/12 with the pre-operative biometry and no biometry, respectively. Also 
only 12.5% had a VA lower than 6/18 in the biometry group, which is less than a third 
of the 43.5%, in the no-biometry group. 
 
 
Table I.A.6 Deviation of post-operative refractive outcomes comparing results with and without 
pre-operative biometry. 
Study IOL [D] Pre-operative Deviation from planned 
Refractive Error 
Region 
±1.0 DS ±2.0 DS ±3.0 DS 
(Thompson and 
Mohan-Roberts, 
1986) 
19.5 Biometry 74.3% 91.4% 100% US 
No-Biometry 52.0% - 100% 
(Singh et al., 1987) 19.0 Biometry 83% 100% - US 
No-Biometry 52.0% - 95.6% 
   ±1.0 D ±2.0 D >±2.0 D  
(Connell et al., 
1997) 
22.0 No-Biometry 48.0% 77.0% 23.0% Eritrea 
(Yorston and 
Foster, 1999) 
[20.0-
22.0] 
Biometry 53.5% 90.1% 9.8% West Africa 
No-Biometry 45.2% 77.4% 22.8% 
(Beatty et al., 2004) 22.0 No-Biometry 50.0% 78.0% 22.0% South Africa 
 
A study conducted by Yorston and Foster (1999) in West Africa showed a lower 
percentage of high refractive errors (> 2.0DS) in patients that underwent pre-operative 
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biometry compared with patients with no pre-operative biometry. This fact is in 
agreement with two further studies in Africa where the percentage of patients with 
refractive errors above ±2.00 DS was around 20% for the no-biometry condition 
(Connell et al., 1997, Beatty et al., 2004). Ruit et al. (1999) using a standard +21.0 DS  
IOL power in an eye camp project reported that 54.1% of the patients had normal VA 
levels (≥ 6/18) and this percentage rose to 74.1% with best correction. Yorston and 
Foster (1999) reported a higher percentage of patients, 71.7%, with UCDVA ≥ 6/18 
without pre-operative biometry, but in their study the surgeon had a set of three IOLs 
powers, chosen depending on IOL power availability, pre-operative refractive status 
and this which could have positively influenced the post-operative outcome. This 
demonstrates the potential applicability of simple processes to account for inter-
individual difference in ocular dimensions. 
 
Avoidance of high refractive errors is the major advantage of biometric measurement in 
cataract surgery. This pre-operative technique however, implies an increasing cost in 
surgery that could decrease its cost-effectiveness, especially when taking visual 
outcomes of a standard IOL into account (Chang et al., 2008).  In the absence of 
studies showing the cost-effectiveness of biometry, one recommended way of 
improving visual outcomes would be to have a set of IOL standard powers and perform 
biometry when possible (Beatty et al., 2004, Chang et al., 2008). 
 
 
I.A.5 Visual Function and Quality of Life Gain from Cataract 
Surgery 
 
Visual Function (VF) and Quality of Life (QoL) questionnaires associated with visual 
acuity measurements are frequently used in conjunction to assess cataract surgery 
outcomes due to their more realistic evaluation of a patient’s well-being (Polack et al., 
2007). The VF questionnaires (Steinberg et al., 1994) subjectively evaluate different 
aspects of visual perception, which can be altered due to the presence of cataracts and 
the ability to adapt to a certain visual deficit. Associated with the VF assessment is QoL 
assessment which evaluates the effect of patients’ visual condition on real, daily tasks, 
(Table I.A.7). 
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Table I.A.7 Assessment points of Visual Function and Quality of Life questionnaires 
Visual Function Questionnaire  Quality of Life  Questionnaire 
x Overall Visual Function 
x Visual Perception 
x Limitation in everyday activities  
x Visual Acuity 
x Peripheral Vision 
x Sensory Adaptation 
x Light-dark Adaptation 
x Visual Search 
x Colour Discrimination 
x Glare Disability 
x Depth Perception 
x Self-Care (bathing, eating, dressing, toileting) 
x Mobility (walking to neighbours’ home, walking 
to shops, doing house cores) 
x Social (attending social functions and meet with 
friends) 
x Mental (feeling of burden, dejection, loss of 
confidence).  
  
 
 
Visual Function and Quality of Life have been evaluated in cataract patients as a 
function of presenting visual acuity, in developing region cataract surgery settings, 
(Figure I.A.2 left). Both VF and QoL scores, (average scores of three studies (Zhao et 
al., 1998, He et al., 1999, Pokharel et al., 1998), show a strong decrease with 
increasing severity of visual impairment. Perceived visual function and its influence on 
daily tasks is strongly correlated with vision impairment due to the presence of cataract 
for all the factors evaluated by VF/QoL instruments.  
 
The same studies evaluated QoL and VF after cataract surgery, represented in the 
right part of Figure I.A.2. Visual function and quality of life scores show a similar 
relationship with pre-operative visual acuity status, represented by individual 
correlations between change in VF and QoL and VA variation  (Fletcher et al., 1997).  
Whereas severe blindness in the unoperated groups was related with the severity of 
cataract, a great majority of patients with post-operative low visual acuity was related to 
the absence of aphakic correction 81% (Pokharel et al., 1998) and 43% (He et al., 
1999). This finding demonstrates the importance of surgical methods in avoiding high 
degrees of visual impairment. Although there is a close correlation between VA and 
VF/QoL scores, VA change after cataract surgery could only explain 38.7% and 29.6% 
of the variability in VF and QoL score (Pokharel et al., 1998). 
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Figure I.A.3 Variation in visual function and quality of life scores for different types of cataract 
surgeries. (Author Compilation) 
 
More recently, Maki et al. (2008) in a cataract camp reported improvements in VA and 
VF/QoL for cataract surgery patients (ECCE-PCIOL or PHACO) that had been 
provided with prescription spectacles (distance) or standard readers (+2.50 DS). The 
study showed a modest improvement in post-operative distance VA before refraction 
(~6/19) compared to after refraction (~6/12), which was accompanied by an overall 
increase in VF and QoL indices, though with low clinical significance. The distance and 
near subscales, however, revealed a significant improvement with the presence of 
spectacles. The authors suggested that the attenuated effect of spectacles in post-
operative vision was due to the unfavourable comparison with the higher magnitude 
improvement that occurred after surgery.  
 
 
I.A.6 Use of Spectacles after Cataract Surgery 
 
Extracapsular cataract extraction with implantation of a PCIOL has the advantage of 
not needing to use aphakic spectacles to correct large refractive errors post-
operatively. New surgical techniques such as sutureless ECCE with the use of a 
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personalised IOL, calculated by biometry, have allowed for a more accurate control of 
post-operative refractive error. An example of this is the post-operative spherical error 
reported by Zhou et al. (2007), of -0.15 ± 1.30 D, and 73.2% of the patients being 
within ±1.00D. Also with the same technique Lam et al. (2007), reported a corneal post-
operative astigmatism of 1.13 ± 0.83D which was similar to pre-operative levels. 
Dethlefs (2012) reported his own cataract surgery refractive outcomes from 215 
operations performed in East-Timor. Using an A-scan US biometer 41.2% of the eyes 
had spherical equivalent between ±1.00 D, 30.3% were between -1.00 and -2.00, and 
26.6.6% were higher than -2.00 D. As far as astigmatism is concerned 68.6% had 
astigmatism between ±1.00 D. Although these successful outcomes were obtained in 
rural cataract surgery settings, they are not reflected in other studies where post-
operative refractive error was the major limit on VA being higher than 6/18 (Venkatesh 
et al., 2005a).  
 
Improvement of post-operative visual acuity and VF/QoL can be achieved with the 
prescription of spectacles, yet the willingness of local populations to receive them is 
low (Congdon et al., 2007). Driving factors include satisfaction with vision after surgery 
(Maki et al., 2008), the cost of glasses (Ramke et al., 2007), cultural factors, 
inaccessibility of opticians (Sherwin et al., 2008) and uncomfortable use of spectacles 
in daily activities (Congdon et al., 2007).  
 
Normal assessments of visual outcomes after cataract surgery rely only on distance 
VA, but underestimate near VA assessment. Although overcorrection of an implanted 
IOL by 1.0 or 2.0 DS could provide more efficient visual function at distance and near 
(Cook, 1996, Murchison et al., 2004) by inducing small amounts of myopia, patients 
that end up with post-operative hyperopia could show decreased near vision 
performance. 
 
Despite the strategies adopted in various cataract surgery settings, regarding the target 
post-operative outcome, the direction seems to be leaving subjects with low post-
operative refractive error. When emmetropia is targeted, cataract surgery patients 
become absolute functional presbyopes and the restoration of normal VA levels is 
made with spectacles (Maki et al., 2008). Presbyopia as a physiological modification in 
the accommodative status of the eye is related to increased functional impairment in 
several developing world regions (Patel et al., 2006, Marmamula et al., 2009, Sherwin 
et al., 2008). Sherwin et al. (2008) reported in a rural setting in Kenya that the level of 
presbyopia was associated with increasing difficulty performing daily activities, such as 
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harvesting, sorting and winnowing grains. This inability or difficulty in performing these 
tasks hindered the socioeconomic development of the community. Although few 
studies (Maki et al., 2008) exist regarding the benefits of ophthalmic correction after 
cataract surgery, the correction of distance and near refractive error has shown 
improved visual function outcomes in the developing world (Patel et al., 2010) and 
these could be used as guidelines for the post-operative refractive error.  
 
Considering the low rates of spectacle use (Maki et al., 2008) and the barriers to 
provide and maintain them (Potter, 1998, Sherwin et al., 2008) in developing countries, 
an inexpensive surgical solution to provide better distance and near vision could have a 
place in the developing world.  
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Chapter I 
 
 
I.B. Pseudoaccommodation  
 
 
I.B.1 Introduction 
 
Standard cataract surgery, consisting on the implantation of a monofocal IOL, with 
optimisation of distance vision, leaves the eye unable to dynamically focus objects at 
different distances. This fact is associated with the inability of the IOL to modify its 
curvature or consistently change its anterior-posterior position within the eye when the 
object of interest approaches the eye (Marchini et al., 2008), as happens during 
accommodation with the natural crystalline lens (Helmholtz, 1924, Jones et al., 2007). 
In this way a pseudophakic eye is theoretically unable to maintain a sharp focus on an 
object that is displaced from the far point of the eye. This theoretical assumption can be 
observed when VA is assessed at different distances without appropriate vergence 
correction in a distance corrected pseudophakic eye (Pieh et al., 2002, Hayashi et al., 
2010).  
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The goal of this chapter is to compile evidence from previous published data regarding 
the factors that are involved in pseudoaccommodation. 
 
I.B.2 Depth-of-focus & Pupil size  
 
Function, for intermediate and near vision in distance corrected pseudophakic eyes is 
related to the ability of the optical system to maintain the retinal image below a certain 
level of defocus as the object approaches the eye. The spatial interval (or its dioptric 
equivalent) in object space, around the position of best focus, where an object can be 
perceived within a threshold level of defocus is known as the depth-of-field. The 
equivalent quantity represented in image space is known as the depth-of-focus 
(Atchison and Smith, 2000).  
 
In phakic eyes one of the main characteristics that controls depth-of-field is pupil size 
(Atchison et al., 1997, Marcos et al., 1999), along with other optical, anatomical and 
target related (Atchison and Smith, 2000) properties. The geometrical representation of 
depth-of-field in an aberration-free and diffraction-limited system can be written by 
equation I.B.1,  
 
ܦ݋ܨ݈݅݁݀ ൌ ʹǤ ߶௅௜௠௜௧ܦ  Equation I.B.1 
 
Where  is the pupil diameter in metres and I is the maximum defocus blur disc 
size below which no defocus is perceived. This depth-of-field is inversely related to 
pupil size, meaning that smaller pupils produce larger depths-of-field in diffraction 
limited systems. This theoretical relationship between depth-of-field and pupil size was 
demonstrated in phakic eyes. Atchison, using a blur threshold criterion of a 6/7.5 letter 
E, found a 0.55 DS depth-of-field for 6.0 mm pupil and a 0.86 DS depth-of-field for a 
small pupil of 2.0 mm (Atchison et al., 1997). Nio et al. (2003) compared the depth-of-
focus in a group of pseudophakic patients with a reference group of phakic subjects. 
Similarly to previous studies they found an inverse relation between pupil size and 
depth-of-focus for both groups, with the pseudophakic group showing ~1.81 DS depth-
of-focus dioptric interval, compared with the ~1.22 DS in the phakic group for a 6.0 mm 
pupil. The increased depth-of-focus verified in pseudophakes was associated with a 
higher amount of spherical aberration in the former group. 
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Tucker and Rabie (1980) applied the depth-of-focus concept to explain the functional 
VA levels at distance and near in a group of four pseudophakic subjects. They 
measured the depth-of-focus of their subjects using dioptric blur and characterised their 
pupils in terms of shape and size. The results allowed them to propose that a 
pseudophakic patient with low myopia of approximately -1.00 DS, and a small pupil 
may achieve a distance vision of 6/6 (0.00 LogMAR) and N5 for near with a small 
increase in the near fixation distance from its habitual position. At distance, the blur 
disc from the myopic condition may be reduced by the effect of the small pupil size, 
increasing the VA level. For the near tasks the small myopic error, combined with the 
small pupil and an increase in the near working distance compensates for the near 
object vergence maintaining the image close to the retina and reducing the retinal blur. 
Similar conclusions were reached by Elder et al. (1996) who suggested that in the 
presence of low myopia, (-0.75 DS), the absence of astigmatism and a pupil size of 
approximately 2.5 mm, it is expected that an uncorrected distance VA of 6/9 (~0.2 
logMAR) and an unaided near VA of N5 will be achieved. These levels of VA could 
even improve if the ability of the visual system in adapting to changes in the blur 
pattern was considered. Webster et al. (2002) suggested that visual responses were 
modulated to compensate variations in the spatial spectrum of image, as the ones 
produced by defocus, maintaining a constancy in the image structure. 
 
Ravalico & Baccara (1990) assessed the depth-of-focus in pseudophakic subjects 
under physiologic and pharmacologically dilated pupil conditions, with an average 
difference in pupil size of 3.0 mm. Using a +1.00 DS and a +3.00 DS lens, the depth-of-
focus measured by target displacement was reduced for each lens by 0.25 DS and 
0.50 DS respectively. Elder et al. (1996) applied a similar procedure to determine the 
depth-of-focus of phakic and pseudophakic eyes at near, using a +3.00 DS lens and a 
prince rule, for a constant pupil size (2.5 mm artificial pupil). The depth-of-focus found 
in both studies, when the +3.00 DS lens was used, was 1.27 ± 0.57 DS (Elder et al., 
1996) and 1.52 ± 0.84 DS (Ravalico and Baccara, 1990). Although the pupils in Elder’s 
study were on average 1.0 mm smaller, the difference between the study values is 
more probably related to the target detail differences. Elder et al. (1996), using a 
defocus technique, reported that 8 of their 10 pseudophakic subjects had a distance 
depth of focus of ±0.25 DS and ±0.50 DS for the other 2 subjects. 
 
 
 
Chapter I.B Pseudoaccommodation  
 
25 
 
In addition, Elder et al (1996) evaluated the amplitude of legibility (the interval over 
which the stimulus is legible). They found a legibility interval twice as large (2.72 ± 1.10 
DS) as the depth-of-focus, leading them to conclude that the ability of pseudophakic 
patients to read near charts in the absence of near correction was a result of an 
improved ability to discriminate or interpret blurred rather images than simply an 
extended depth-of-field. 
 
The pseudoaccommodative ability is often estimated as the dioptric interval between 
the pseudophakic eye far point, determined by distance refraction, and the near point, 
given by the position where a particular stimulus can be identified. This measure often 
called apparent accommodation is a combination of pseudophakic accommodation and 
pseudophakic pseudoaccommodation. The association between pupil size and 
apparent accommodation was investigated in several studies (Nakazawa and Ohtsuki, 
1983, Nakazawa and Ohtsuki, 1984, Ravalico and Baccara, 1990, Yamamoto and 
Adachi-Usami, 1992, Fukuyama et al., 1999, Legeais et al., 1999, Kamiya et al., 
2012a). In some of them (Nakazawa and Ohtsuki, 1983, Nakazawa and Ohtsuki, 1984, 
Yamamoto and Adachi-Usami, 1992, Kamiya et al., 2012a) amplitude of apparent 
accommodation is seen as being inversely proportional to pupil diameter, implying that 
an extended interval of focus is obtained in the presence of smaller pupils. Other 
studies have not found this relationship between apparent accommodation and pupil 
size (Legeais et al., 1999), or have even reported a directly proportional relationship 
(Fukuyama et al., 1999). 
 
Optical image forming properties underpinning the theoretical relationship between 
apparent accommodation and pupil size can be understood by viewing Figure I.B.2, 
where using a model eye (Liou and Brennan, 1997), the diameter of the blur circle on 
the retina can be determined for different object positions and different pupil sizes. 
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increase of 1.15 DS per millimetre of miosis which is slightly more than twice the 
prediction of Nakazawa & Ohtsuhi (1983). Kamyia and colleagues (2012a) correlated 
the amplitude of apparent accommodation measured in pseudophakic eyes with 
several demographic predictors. Using a multiple regression analysis, pupil size was 
the most important predictor, with apparent accommodation increasing 0.293 D per 
millimetre of miosis.  
 
The influence of pupil diameter on near VA was also demonstrated by assessing near 
VA under mydriatic, physiologic and miotic pupil conditions (Muftuoglu et al., 2005). 
The average distance corrected near VA (in Jaeger scale) and pupil size for the three 
conditions were J16.0 ± 1.3 (~N28) (mydriatic pupil diameter = 6.4 ± 0.1mm), J9.0 ± 
1.3 (~N11) (physiologic pupil diameter = 3.8 ± 0.1 mm) and J5.1 ± 1.5 (~N7) (miotic 
pupil diameter = 1.7 ± 0.1 mm). These findings concur with the increase in apparent 
accommodation with decreasing pupil size, since a direct relationship should be 
expected between VA and apparent accommodation.  
 
As contrary evidence, Legeais et al. (1999) failed to show a relationship between pupil 
size (average 2.93 ± 0.56 mm) and amplitude of apparent accommodation (average 
2.00 ± 0.68 DS) on a group of 15 pseudophakic subjects. Other studies also did not 
find a correlation between near VA and pupil size (Hayashi et al., 2001, Kriechbaum et 
al., 2005, Nanavaty et al., 2006). Hayashi et al. (2001), in a study where a group of 
patients with monofocal IOL served as control for a multifocal IOL group, did not find 
any relationship between distance or near VA and pupil size, for the monofocal group. 
Another study (Nanavaty et al., 2006) aiming to evaluate the different factors playing a 
role in pseudoaccommodation, failed to find a relationship between pupil size and 
improved levels of VA at distance or near. The authors speculate that this may have 
been associated with 90% of their participants having pupils larger than 2.5 mm. 
Kriechbaum et al. (2005) comparing the visual performance of pseudophakic eyes 
implanted with an accommodative IOL against two monofocal IOLs reported no 
relationship between pupil size measured under near reading conditions (2.7 mm [1.5 - 
4.0 mm]) and distance corrected near VA for a 3-piece silicone IOL (0.52 logMAR) 
(~N9) and a 3-piece acrylic IOL (0.54 logMAR). 
 
Also contrasting with theoretical prediction and experimental evidence that suggest an 
inverse relationship between amplitude of apparent accommodation and pupil, are the 
results presented by Fukuyama et al. (1999). They reported a direct relationship 
between apparent accommodation and pupil size. Although no explanation was given 
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for the finding in their article, a possible reason could be the pupil measurement 
conditions, which were extracted from topographic measurements rather than being 
measured when the patient was performing a near task (Nishi et al., 2006). 
 
Based on a negative correlation obtained between apparent accommodation and 
anterior chamber depth (Nakazawa and Ohtsuki, 1983), Nakazawa & Ohtsuhi (1984) 
combined the pupil size and ACD under the definition of depth-of-field, (Figure I.B.3). 
Their mathematical prediction of depth-of-field showed an almost direct relationship 
with amplitude of apparent accommodation. The authors’ anterior depth-of-focus 
prediction is given by equation I.B.2: 
 
ͳ
݂ଵ
െ ͳ݂ ൌ
ͳ
݌ ൬ ஼ܲ ൅ ூܲை௅ െ ܣܥܦǤ ஼ܲǤ ூܲை௅ െ
ͳ
݂൰ Equation I.B.2 
 
Where  is the eye’s remote focal point (if emmetrope ൌf), ͳ is the spatial position 
where the observer reaches the depth-of-focus criterion (eg. target starts to blur),  is 
the pupil size,  is the anterior chamber depth,  is the corneal curvature and  is 
the IOL power, in dioptres. 
 
 
Figure I.B.3 Schematic representation for the depth-of-focus of the human eye. The depth-of-
focus is the dioptric interval, which allows maintaining K (radius of the circle of least confusion) 
below a certain value. Reproduced from (Nakazawa and Ohtsuki, 1984). 
 
More recently, Sergienko et al. (2008) evaluated the dependence of depth-of-field on 
the stimulus size (VA), in pseudophakic eyes. For an average pupil of 3.0 ± 0.3 mm, 
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they reported a decrease in depth-of-field from 1.12 ± 0.04 DS to 0.47 ± 0.03 DS, when 
letter sizes of 6/6 and 6/3 were used, respectively. This highlights the importance of the 
stimulus characteristics on the determination of accommodative ability (Langenbucher 
et al., 2003b). 
 
I.B.3 Age 
 
The influence of age on visual performance in pseudophakic eyes, was investigated 
under the assumption that age produces physiological changes in ocular 
characteristics, such as pupil size (Winn et al., 1994) and corneal aberrations (Amano 
et al., 2004), but may also decrease the potential for visual perception (Hayashi et al., 
2003). 
 
Hayashi and colleagues in a series of studies (Hayashi et al., 2003, Hayashi and 
Hayashi, 2006, Hayashi et al., 2010) evaluated the effect of age on the amplitude of 
apparent accommodation in 200 pseudophakic eyes (Hayashi et al., 2003) and later 
compared the amplitude of accommodation of phakic and pseudophakic eyes (Hayashi 
and Hayashi, 2006, Hayashi et al., 2010). The eyes enrolled in the studies were divided 
in five groups separated in 10 years intervals, ranging from eyes in their 40’s or less up 
to eyes in their 80’s. 
 
 
Figure I.B.4 Compilation of the amplitude of apparent accommodation measured for different 
age groups, in pseudophakic and phakic eyes (Author Compilation). 
 
The amplitude of apparent accommodation decreased significantly with increasing age, 
ranging from 1.86 ± 0.86 DS for the youngest group down to 0.67 ± 0.42 DS for the 
oldest one (Hayashi et al., 2003). Intra-individual comparison of amplitude of 
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accommodation and amplitude of apparent accommodation, in patients with monocular 
cataract surgery (Hayashi and Hayashi, 2006), showed a significant decrease in the 
amplitude of apparent accommodation for eyes in the 40’s (1.09 ± 0.40 DS) and 50’s 
(0.77 ± 0.50 DS), when compared with the phakic fellow eye (40’s: 5.02 ± 2.00 DS; 
50’s: 1.86 ± 1.25 DS). For eyes aged 60 or above the amplitude of accommodation 
was similar to the amplitude of apparent accommodation, suggesting that the loss of 
accommodation occurring during cataract surgery equates the physiological loss due to 
the increasing age. Although this later study reported a decrease in amplitude of 
apparent accommodation with age in pseudophakic eyes, this reduction seems to 
stabilize around 0.77 ± 0.50 DS for the groups above 60 years of age, contrasting with 
the statistically significant decrease in amplitude of apparent accommodation between 
60’s (1.11 ± 0.61 DS) and 80’s (0.67 ± 0.42 DS) reported in the previous study 
(Hayashi et al., 2003). These findings were confirmed in a more recent study, where 
degradation in distance corrected VA was measured for different distances, in a 
pseudophakic group and in a control phakic group (Hayashi et al., 2010). The VA 
measured at different distances were similar for phakic and pseudophakic eyes for the 
groups above 60 years old, while for the two younger groups (40’s and 50’s), VA was 
more degraded for the pseudophakic group as result of the decreased amplitude of 
apparent accommodation (Hayashi and Hayashi, 2006, Hayashi et al., 2010). The 
findings show a reduction in amplitude of apparent accommodation, contrary to the 
decrease in pupil size with age, also reported in this series of studies. This led the 
authors to advance that a possible phenomenon for the decrease in apparent 
accommodation was related with a reduction in potential visual perception (Hayashi et 
al., 2003). This was the near VA threshold, once the threshold used to determine the 
amplitude of apparent accommodation was kept constant for all age groups. 
Maintaining a constant ratio between near VA and amplitude of apparent 
accommodation thresholds would compensate for the age-related reduction in visual 
perception bringing to evidence the influence of pupillary miosis and the minimal effect 
of defocus on bigger letters.       
 
Other studies that analysed the effect of age on pseudoaccommodation did not find 
any relationship between these two factors (Yamamoto and Adachi-Usami, 1992, 
Nanavaty et al., 2006). Even though there is a lack of evidence regarding the effect of 
age on pseudoaccommodation, in other studies, the mean apparent accommodation 
reported in a group of 45 young (12-19 years old) pseudophakic eyes was considerably 
higher (4.44 ± 1.76 DS) than values normally reported for older eyes (Legeais et al., 
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1999), when similar techniques were used (Nakazawa and Ohtsuki, 1983, Nakazawa 
and Ohtsuki, 1984, Elder et al., 1996, Ravalico and Baccara, 1990). 
   
 
I.B.4 Astigmatism, Sturm Interval and Astigmatism in 
Pseudophakia 
 
I.B.4.1 Astigmatism and Sturm Interval 
 
One of the hypotheses initially advanced to explain the ability of the eye to focus 
distant and near objects relied on the presence of two meridians with different 
refractive powers. These two meridians form two focal points at different distances from 
the retina, producing an extended interval of defocus, known as Sturm’s Interval. When 
varying the object distance both within and beyond the interval delimited by the remote 
points of the two ocular meridians, the retinal image will remain within a certain level of 
defocus. 
 
In the presence of simple myopic astigmatism, where one of the meridians has the 
remote point at infinity and the orthogonal meridian is between infinity and the eye, a 
pencil of rays travelling from infinity will partially focus on the retina, when refracted by 
the emmetropic meridian, and will partially converge in front of the retina when 
refracted by the myopic meridian. This will produce an image of the object that is in 
focus in one direction and defocused in the orthogonal one (Figure I.B.5 a).  
 
In the presence of a near object and in the absence of accommodation, the vergence 
increment displaces the focal plane towards the posterior part of the eye, turning the 
previous emmetropic meridian hyperopic and the myopic meridian will now be in a 
plane nearer to or on the retina, (Figure I.B.5 b), if the object is positioned at the far 
point of that meridian, (Figure I.B.5 c). (Huber, 1981). 
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a larger group to confirm the effect of astigmatism on VA. However VA measures 
performed in a subject demonstrated that in the presence of 2.00 DC, a sustained VA 
of more than 0.5, in decimal scale, from 5.0 m to a reading distance could be achieved. 
Regarding axis orientation, Huber suggested that the axis should be orientated either 
at 0 (With-the-Rule astigmatism, WTR) or at 90 (Against-the-Rule astigmatism, ATR) 
degrees, arguing that the visual system underperforms in the detection of oblique 
rather than horizontal and vertical detail. This non-optical phenomenon known as the 
oblique effect (Campbell et al., 1966, Mitchell et al., 1967), is related to the higher 
number of visual cortical neurons triggered by vertical or horizontal stimuli than by 
oblique ones (Li et al., 2003). 
 
Up to the present day there is no established agreement about the type and power of 
the post-operative astigmatism that would allow the optimum distance and near vision 
correction (Koch, 2006), nor a clear understanding of the interaction between 
astigmatism and other ocular characteristics (Patel et al., 2011). 
 
Table I.B.1 Studies examining the role of astigmatism in visual acuity after cataract surgery. 
Study Findings 
(Hillman and Bradbury, 
1990) 
50 eyes; Astigmatic Power [0.25 to 2.00DC]  
The optimal amount of myopic astigmatism was found to be up to 2.00D with  
50% achieved ≥6/12 at distance and ≥N8 near 
78% achieved ≥6/12 at distance and ≥N10 near 
Axis 6/12 & N8 6/12 & N10 Below standard 
90(±30q) 14.7% 25.3% 16.0% 
180(±30q) 13.3% 24.0% 10.7% 
Oblique 10.7% 14.7% 9.3% 
(Datiles and Gancayco, 
1990) 
2 groups of eyes: 
(1) 32 eyes with  UCDVA ≥ 6/12 and UCNVA ≥ J3 near  
Post-operative refraction -2.00 ± -0.88 DS and +1.75 ± -0.89 DC 
(2) 47 eyes with  UCDVA <6/12 and UCNVA < J3 near 
Post-operative refraction -1.39 ± -2.30 DS and +1.78 ± -1.21 DC 
(Sawusch and Guyton, 
1991) 
Simulated optimal astigmatic error to obtain maximum depth of focus with least 
blur -1.00 DS and +0.75 DC axis at 90q 
Average VA: Distance 0.67 (decimal); Near 0.8 (decimal) 
(Bradbury et al., 1992) 82% achieved ≥6/12 at distance and ≥N10 near with sphere between [-0.25D; 
+0.25D] and astigmatism [1.00D, 2.00D] 
(Verzella and Calossi, 
1993) 
81 eyes with [-1.25; +0.50D] of sphere [-2.75; -0.50D] of astigmatism at [55; 
140 degrees]; Average refractive error -0.15/ -1.48 x90  
68% ≥ 6/12 at distance and 67% ≥J3 at near 
(Trindade et al., 1997) Two astigmatic groups (10 per group)– Astigmatic Power [-1.50; -1.00]  
ATR group: Mean UCDVA 6/12; 90% near VA  ≥ J2 
WTR group: Mean UCDVA 6/12; 80% near VA  ≥ J6 
(Nagpal et al., 2000) Three Astigmatic groups (40 per group) - Astigmatic Power [0.50; 2.50]D 
Visual Acuity: distance ≥ 6/7.5 and near ≥ N9 
No-astigmatism: 47.5% ≥ 6/7.5 distance; 42.5% ≥ N9 near 
ATR: 30% ≥ 6/7.5 distance; 85% ≥ N9 near 
WTR: 12.5% ≥ 6/7.5 distance; 25% ≥ N9 near 
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Study Findings 
(Hayashi et al., 2001) 30 eyes with monofocal IOL – Astigmatism induced using +cylx90 ophthalmic 
lenses (cyl = 0.50, 1.00, 1.50, 2.00, 2.50); 
VA decreased with increasing astigmatic power and with decreasing object 
distance 
(Nanavaty et al., 2006) 2 Groups (30 patients per group) 
Cases: UCDVA ≥ 6/12 and UCNVA ≥ J4 
Controls: UCDVA ≤ 6/12 and UCNVA ≤ J4 
Main factor predicting UCDVA ≥ 6/12 and UCNVA ≥ J4 was ATR astigmatism 
(36.7%) compared with 13.3% in the control group 
UCDVA- Uncorrected Distance Visual Acuity; UCNVA - Uncorrected Near Visual Acuity 
 
Hardman Lea et al. (1990) suggested that astigmatism could be one factor contributing 
to pseudoaccommodation based on the fact that 3 of their 24 eyes, which had mixed 
astigmatism had good levels of near VA.  
 
In 1992, Yamamoto and Adachi-Usami using visual evoked potentials (VEP) found a 
positive relationship between corneal astigmatism and amplitude of apparent 
accommodation, for astigmatism below 3.00DC. However the large majority of studies 
analysed the effect of astigmatism in pseudoaccommodation by evaluating its impact 
on VA.   
 
Hillman & Bradbury (1990) investigated the ability of pseudophakic patients with post-
operative myopic astigmatism to achieve VA above 6/12 (0.3 logMAR) for distance and 
N8 or N10 for near. A considerable number (78%) of their patients with myopic 
astigmatism between (0.25, 2.00) DC achieved the distance VA level and N10 for near, 
with 50% percent of the total attaining N8. A substantial decrease in the benefit of 
astigmatism was found for cylinders above 2.00 DC, which was associated with an 
increased distortion of the astigmatic image. No significant difference was found 
between different axis orientations (WTR, ATR or oblique astigmatism) and therefore a 
post-operative myopic astigmatism up to 2.00 DC was suggested to obtain the defined 
levels of VA. Later, (Bradbury et al., 1992) in a subgroup of pseudophakic patients with 
a minimal spherical refractive component (+0.25; -0.25) DS and cylinder between 
(1.00, 2.00) DC, reported that 82% of their patients achieved 6/12 (0.3 LogMAR) at 
distance and N10 for near, but the percentage dropped to 48% when N8 was the 
threshold near VA. A myopic astigmatism of 1.50 DC with axis at 180 degrees was 
proposed as the desirable post-operative refraction.  
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Datiles and Gancayco (1990) evaluated the effect of post-operative refraction at 
distance and near in two groups of eyes. One group (n = 32) comprised eyes with 
UCDVA higher than 6/12 (0.3 LogMAR) and UCNVA higher than J3 (~N5) and a 
second group (n = 47) had eyes with UCDVA lower than 6/12 and UCNVA lower than 
J3. The scatter plots presented show that 31 out of the 32 eyes in the first group had 
their refraction between -4.00 to ±0.00 DS and ±0.00 to +4.00 DC with a mean 
spherical and astigmatic component of -2.00 ± 0.88 DS and +1.75 ± 0.89 DC 
respectively, which is the transposed form of a simple myopic astigmatism. The group 
with lower VA levels had a broader refractive interval, seen by the higher standard 
deviation and a smaller spherical power. Mean spherical power was -1.39 ± 2.29 DS 
and astigmatic power was 1.79 ± 1.21 DC. It is important to note that 31 of the 47 eyes 
in the second group had their refraction within the limits of the first group with an 
average refractive error of -1.69 ± 1.34 DS and +1.47 ± 0.81 DC which is also the 
transposed form of a simple myopic astigmatism. Also, the number of eyes with pure 
myopic astigmatism was 11 in the first group and 7 in the 31 eyes of the second group, 
suggesting that myopic astigmatism may be not an isolated factor in enabling 
simultaneous satisfactory distance and near vision.  
 
Sawush and Guyton (1991) used a schematic eye to calculate the blur disc size 
produced by different combinations of spherical and cylindrical refractive error at 
different distances (0.5 to 6.0 m). The refraction to optimise the depth-of-focus was 
defined as that producing the smallest cumulative blur area across the set of distances 
tested. The predictions were compared with VA measurements for the different 
distances in 10 pseudophakic subjects. A close agreement between the calculated blur 
areas and VA measurements was found, leading the authors to indicate that a post-
operative refraction of -1.00 DS and +0.75 DC provided a VA better than 0.3 logMAR 
for distance and near. The authors argued in favour of the WTR astigmatism, since the 
eye is more often required to discriminate detail at distance with vertical strokes playing 
an important role.  
 
The enhanced depth-of-field in pseudophakic patients with post-operative astigmatism 
was investigated by other authors who found an increased benefit of ATR astigmatism 
over other astigmatic conditions (Verzella and Calossi, 1993, Trindade et al., 1997, 
Nagpal et al., 2000, Nanavaty et al., 2006).   
 
Verzella and Callossi (1993) measured UCDVA and UCNVA in 81 pseudophakic eyes 
with refractive errors ranging from +0.50 to -1.25 DS, -0.50 to -2.75 DC, and 55 to 140 
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degrees. They reported that 68% of their eyes had UCDVA higher than 6/12 (0.3 
logMAR) and 67% could read J3 (~N5) or better and best combined distance/near 
UCVA was found in eyes with myopic astigmatism from -1.00 to -2.00 DC with the 
correcting lens axis at 90 degrees.     
 
Comparison of distance and near VA in patients with ATR and WTR astigmatism was 
undertaken by Trindade et al. (1997) and later by Nagpal et al. (2000). Trindade and 
colleagues measured UCDVA and UCNVA in two groups of patients (n = 10 each) with 
ATR astigmatism (1.00, 1.50 DC; 90 ± 15 degrees) and WTR astigmatism (1.00, 1.50 
DC; 180 ± 15 degrees). No difference in UCDVA was found between the two groups. 
For near vision 9 eyes in the ATR group achieved UCNVA higher than J2 (~N4) 
compared with 8 eyes in the WTR group attaining J5 (~N7) or higher. Based on the 
results a post-operative simple myopic astigmatism of 1.50 DC axis at 90 was 
advanced as the desirable refraction. Similar evidence of the benefit of ATR 
astigmatism over WTR astigmatism was found by Nagpal et al. (2000). Uncorrected 
distance and near VA were measured in three groups of forty eyes each. The groups 
were controls, WTR and ATR refractions. For distance vision 30.6% of the eyes in the 
ATR group achieved VA higher than 6/7.5 (0.1 logMAR) compared with 12.5% in the 
WTR group, however, no statistical significance was found in this difference. At near 
85% of the eyes in the ATR group could read N9, which contrasted significantly with 
the WTR group where only 25% of the individuals could read the same level.  
 
In one of the most recent studies addressing the role of astigmatism in 
pseudoaccommodation (Nanavaty et al., 2006), two groups of patients were defined by 
means of VA, one (cases) had UCDVA higher than 6/12 (0.3 logMAR) and UCNVA 
higher than J4 (~N6), and the second (controls) had UCDVA lower than 6/12 and 
UCNVA lower than J4. Against-the-rule astigmatism was found to be correlated with 
higher levels of distance and near VA, suggesting that ATR may be an element that 
favours distance and near visual performance. Also, the large number of patients with 
oblique axis astigmatism (43.3% in cases and 56.7% in controls) indicated that the 
visual performance of eyes with oblique axis astigmatism is less predictable than in 
WTR and ATR forms.  
 
Hayashi et al. (2000) investigated the effect of ATR myopic astigmatism at different 
distances in eyes implanted with monofocal and multifocal IOLs, by optically inducing 
astigmatism of 0.50 to 2.50 DC axis 90 degrees. The monofocal group showed a 
systematic degradation for all tested distances. At 5.0 m with the introduction of 2.50 
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DC of astigmatism VA dropped from 0.0 logMAR to 0.4 logMAR. A similar effect was 
noticed at 0.3 m with near VA decreasing from 0.8 logMAR to 1.0 logMAR for 2.50 DC. 
Recently, Kamyia et al. (2012a) reported that amplitude of apparent accommodation 
was not correlated with either the corneal or refractive astigmatism. The authors, 
however based their analysis on the magnitude of the cylinder component and did not 
investigate the effect of astigmatic axis. The findings led the authors to propose that 
pseudoaccommodation in eyes with monofocal IOLs is unlikely to be caused by 
astigmatism.  
 
A randomized crossover clinical trial designed to compare the influence of small 
amounts (~1.00 DC) of WTR and ATR astigmatism and the impact of a small myopic 
error (0.50 DS), induced different levels of refractive error (spherical, astigmatic at 180 
and 90 degrees orientation) in a group of presbyopes using contact lenses. Visual 
acuity evaluation at 4.0, 1.0 and 0.3 m did not reveal significant differences between 
the three tested refractive conditions. The benefit of against-the-rule astigmatism was 
only observed in the stereoacuity scores which were higher than the other two 
conditions (Savage et al., 2003).     
 
 I.B.4.3 The Effect of Astigmatism on Acuity and Reading Material 
 
Astigmatic defocus especially in the form of simple astigmatism produces a strong 
directional blur effect on the retina, visualised as a fine ellipse, tending to a line as the 
object approaches the eye’s two far points. Therefore, in the case of letter 
identification, different parts of the letter’s spatial information will be degraded by the 
blur, generating a higher visibility of that letter when the most important or dominant 
letter detail is conserved i.e. is not blurred (or filtered, if considering 2-dimensional 
spatial frequency information).    
 
Guo and Atchison (2010) sought possible interactions between letter shape and 
cylinder orientation by determining the blur limits of four letters (D, E, N, Z) for different 
axis orientations. Their initial predictions were that D would be the least affected by 
cylinder axis, E would have reduced limits for 0 and 90 degrees, N would have the 
lower blur limits for 90 and 45 degrees and Z for 0 and 135 degrees, (Figure I.B.7). The 
results were not in agreement with their predictions, the D and N did not show 
particular sensitivity to one axis, and the letter E had a higher sensitivity to blur at 45 
degrees as did the letter Z.  
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Figure I.B.7 Astigmatic convolution of four letters D, E, N, Z, used in the Guo and Atchison 
(2010) study to illustrate the differences in letters visibility, in the presence of different astigmatic 
conditions.   
 
The higher tolerance to horizontal astigmatism (vertical blur) (~20 %), for letters read 
from letter charts and with some evidence obtained for text passages, is believed to be 
associated with the closer letter spacing compared with the space between lines 
(Rabbetts, 2007, Atchison et al., 2005).   
 
The advantage of simple myopic astigmatism over other forms of astigmatism in 
pseudoaccommodation has been based on the interaction between object detail and 
the orientation of the blur pattern on the retina when the object changes its position 
(Trindade et al., 1997). At distance a pseudophakic eye with refractive ATR simple 
myopic astigmatism, will have the vertical focal line in front of the retina and the 
horizontal one on the retina. This distribution of focal points benefits the identification of 
horizontal lines compared to vertical ones when viewing distant targets. The meridian 
in which retinal defocus occurs is the same orientation as that of the emmetropic focal 
line. In the case of an ATR myopic astigmatism, this is horizontal. In distance viewing, 
the horizontal defocus of the letters causes them to overlap (Figure I.B.8 left).  
 
 

+0.75x180
+0.75x45
+0.75x90
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Figure I.B.8 Effect of against-the rule and with-the-rule astigmatism on distance VA (left) and in 
a near reading task (right). 
 
In the presence of a near object, with the increment in object vergence the horizontal 
focal line becomes hyperopic, posterior to the retinal plane and the vertical focal line 
approaches the retinal plane. If the object plane is coincident with the far point of the 
myopic astigmatism, the vertical focal line will be in focus on the retina and the vertical 
lines will be sharper, (Figure I.B.8 right). This effect may be enhanced by the higher 
predominance of vertical lines in lower-case Roman letters, in reading material 
(Rabbetts, 2007). 
 
 
I.B.5 Corneal Aberrations and Corneal Multifocality 
 
I.B.5.1 Corneal aberrations 
 
Ignoring any effects due to non-refractive transmission through the ocular media, the 
optical performance of the human eye is controlled by the combined optical quality of 
the cornea and the crystalline lens, which balance their effects to provide optimal 
optical quality in the retinal plane (Artal et al., 2006). In this way, and considering that 
the tear film is the first ocular surface and this mimics the corneal shape, when the 
corneal surface is altered to increase corneal wavefront variance, this affects visual 
performance (Applegate et al., 2000). One of the most common physiologic variations 
in the corneal surface is the rotation of its toric axis from WTR to ATR with age 
(Gudmundsdottir et al., 2000, Ferrer-Blasco et al., 2009). Other corneal wavefront 
aberrations may show variation with age, such as the root-mean-square (RMS) of 
Against-the-Rule Astigmatism
DISTANCE NEAR
With-the-Rule Astigmatism
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coma-like and higher order aberrations (Wang et al., 2003, Amano et al., 2004), 
however this effect is uncertain (Fujikado et al., 2004). 
 
Because cataract surgery is an age-related surgical procedure, corneal aberrations 
present at the point of surgery will play a role in the post-operative visual-performance, 
especially when minimal corneal change exists during the surgical procedure (Guirao 
et al., 2002). Hayashi et al. (2008) looked for correlations between the corneal 
aberrations of pseudophakic eyes and different levels of contrast for distance VA. They 
found a degradation in VA at 100%, 25% and 10% letter contrast with increased 
corneal coma, spherical and the total aberration of the eye under both photopic and 
mesopic illumination levels. 
 
The influence of corneal wavefront aberration was also investigated in relation to 
apparent accommodation (Oshika et al., 2002). The apparent accommodation 
measured in 102 eyes using an accommodometer was 2.03 ± 0.93 DS. The regression 
analysis showed significant correlations with coma-like aberrations (3rd and 5th order 
RMS), but no correlation was found with spherical-like aberrations (4th and 6th order 
RMS). For the 3rd order aberrations the relationship with apparent accommodation was 
stronger for the vertical trefoil (ܼଷି ଷ) and decreased for the accompanying frequencies, 
ܼଷଵ, ܼଷଷ and ܼଷି ଵ. The explanation advanced for the relationship between apparent 
accommodation and trefoil with its base on the x-axis (ܼଷି ଷ) was based on the vertical 
asymmetry of corneal refractive power that this represents. The distribution of light 
produced on the retina by the vertical variation in refractive power possibly interacts 
with the letters contours, increasing the visibility of near targets, but the small pupil 
diameters normally encountered in pseudophakic patients may decrease the 
significance of this type of aberration. The lack of relationship between apparent 
accommodation and spherical-like aberration may be related with the combination of 
corneal and IOL spherical aberration, and is its aggregate that defines the light 
distribution on the retina.  
 
A recent review (Patel et al., 2011) cited an unpublished study (Yeu et al.) where the 
depth-of-focus of phakic eyes was determined by the interval where the polychromatic 
modulation transfer function (MTF) satisfied a particular retinal image quality criterion. 
The conclusions indicated that corneal spherical aberration and astigmatism contribute 
significantly to the increase in the depth-of-focus in phakic eyes. 
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The influence of corneal aberrations in enlarging the depth of focus was pointed out in 
phakic eyes after photorefractive keratectomy (PRK) (Scher and Hersh, 1997). A more 
recent study (Artola et al., 2006) evaluated the effect of corneal higher order 
aberrations (HOA) on the amplitude of accommodation and near uncorrected VA in two 
presbyopic groups. One group was made up from patients with 1st generation myopic 
PRK and the second group was made up from unoperated individuals. Mean near 
uncorrected VA was J1(~N4) for the PRK-presbyopic group and J4(~N6) for the 
unoperated-presbyopic group. Amplitude of accommodation was higher in the PRK 
group (3.20 DS) compared with 2.20 DS in the unoperated group. The amplitude of 
accommodation was positively correlated with corneal HOA, spherical aberration and 
coma and UCNVA was negatively correlated with corneal HOA and spherical 
aberration. Calculation of the depth-of-focus for the two groups led the authors to 
conclude that the higher depth-of-focus in the PRK group came from the increased 
corneal spherical aberration. 
 
 
I.B.5.2 Corneal Multifocality  
 
Multifocal laser corneal refractive procedures (eg. Multifocal PRK, presbyLASIK) are 
corneal refractive procedures to provide to presbyopic patients the ability to focus 
distance and near objects. The procedure involves altering the shape of the cornea to 
create different curvatures in different zones allowing the rays reaching these zones in 
the anterior cornea to be focused at different distances from the retina (Moreira et al., 
1992). Results show multifocality is effective for near viewing distances (Telandro, 
2004).  
 
The effect of corneal multifocality on improved near vision has also been studied in 
pseudophakic patients implanted with monofocal IOLs (Fukuyama et al., 1999, Oshika 
et al., 2002). Both studies quantified the corneal multifocality by determining the 
curvature difference between the most and least powerful corneal zones. The 
amplitude of apparent accommodation measured in 121 and 102 eyes (2.00 ± 0.92 DS 
and 2.03 ± 0.93 DS) and was positively correlated (R=0.44 and R=0.45) with corneal 
multifocality. Similar findings were found by Kamyia et al. (2012a) using a multiple 
regression analysis. The second most important factor (pupil was the most important) 
in explaining the variability of the amplitude of apparent accommodation was corneal 
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multifocality (R=0.274). In principle corneas with higher multifocality have the ability to 
increase the depth-of-focus enabling clearer focus at closer viewing distances. 
 
 
I.B.6 Ocular Aberrations 
 
After modern cataract surgery with implantation of a posterior chamber IOL, the optical 
quality of the ocular system improves mainly due to the restoration of clarity of the 
optical media. Although an IOL has very good optical quality when evaluated in-vitro, 
after its implantation the image quality produced by the combination of the cornea and 
the IOL provides less optimal images when compared with phakic subjects (Guirao et 
al., 2002). This is due to the presence of additional spherical aberration introduced by 
the IOL (in cases when a spherical IOL is implanted), the induction of irregular higher 
order aberrations related to the surgical incision (Pesudovs et al., 2005, Marcos et al., 
2007), and IOL tilt and decentration (Marcos et al., 2008).  
 
Rosales and Marcos (2007), using schematic model eyes built from pseudophakic 
eyes’ data, determined that in eyes implanted with aspheric IOLs 70% of the resulting 
ocular aberrations’ variance could be predicted from corneal wavefront analysis. They 
concluded that the asphericity of the IOL is important for the compensation of the 
spherical aberration of the cornea. The position of the IOL, decentration and tilt, played 
a minor role in the ocular wavefront accounting only for 2.2% of the total variance. The 
horizontal coma was associated principally with angle λ, effectively the angle between 
the line of sight and the combined optical axis of the eye. There is compensation 
between the cornea and the IOL which reduces this effect (Marcos et al., 2008). 
 
Hayashi et al. (2008) evaluated the correlations between ocular (total), corneal and 
internal aberrations in eyes implanted with various IOLs. The results demonstrated a 
higher correlation between the ocular and internal aberrations than between ocular and 
corneal aberrations. This evidence led the authors to propose that in pseudophakic 
eyes it is the internal optics that are the more important contributor to the total higher 
order aberrations. Similarly to corneal aberrations, ocular and internal aberrations were 
also significantly correlated with distance visual acuity measured for various letters 
contrasts in photopic and mesopic conditions, with coma-like aberrations tending to 
demonstrate higher correlations with VA compared with spherical-like aberrations.   
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Ocular HOA have been highlighted as one of the factors responsible for pseudophakic 
pseudoaccommodation. Nishi et al. (2006) measured apparent accommodation in 44 
eyes implanted with a spherical IOL (AcrySof SN 60AT) using a 1.0 and 0.6 decimal 
optotype, the range of accommodation was 1.46 ± 0.63DS and 0.51 ± 0.63DS for the 
two optotypes used. Apparent accommodation measured with 1.0 optotype was found 
to be positively correlated with vertical coma ܼଷି ଵ and negatively correlated with 
spherical aberration ܼସ଴, measured for a 4.0mm pupil. The results indicate that 
pseudophakic patients, when presented with an object of sufficient size, may benefit 
from the presence of larger amounts of vertical coma and lower spherical aberration. 
The effect of an asymmetrical aberration such as vertical coma, as opposed to a 
symmetrical aberration such as spherical aberration, in increasing the depth-of-focus 
can be seen in Figure I.B.9. The resulting orientation dependent distribution of light in a 
comatic PSF enhances the detail discrimination. 
 
 
Figure I.B.9 Schematic illustration of coma effect on VA. (left) Vertical coma pattern, showing 
vertical asymmetry in wavefront pattern; (middle) Light distribution on the retina (PSF) produced 
by vertical coma; (right) the convolution of the PSF with a high contrast VA chart. 
 
In addition, distance, intermediate and near visual acuity and total ocular wavefront 
were evaluated in three groups of pseudophakic eyes implanted with two spherical 
(AcrySof SN 60AT and Sensar AR40) and one aspheric IOL (AcrySof IQ), Table I.B.2 
(Rocha et al., 2007). The two groups with spherical IOLs had greater spherical 
aberration compared with the aspheric group and comparable amounts of other HOA. 
Near and intermediate distance corrected VA increased in the presence of higher 
amounts of spherical aberration. These clinical outcomes are in agreement with MTF 
through-focus laboratory predictions (Marcos et al., 2005) indicating that, despite the 
better performance of aspheric IOL in the in-focus condition, spherical IOLs are more 
tolerant to dioptric blur, especially for negative defocus (resembling a closer object). 
Shentu et al (2008) performed a similar study to the one of Rocha et al. (2007), 
comparing the performance of one negative spherical aberration IOL (Tecnis Z9001), 
an aberration-free IOL (Akreos AO) and a spherical IOL (Cannon KS-1). High contrast 
Wavefront Point Spread Function “Real” image
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distance corrected VA values were similar to the ones reported previously (Rocha et 
al., 2007), but no difference in distance corrected near VA was found for the three 
types of IOLs. In addition the amplitude of apparent accommodation was not 
significantly different for the three groups of eyes (1.73 ± 0.77DS – Tecnis; 1.77 ± 
1.00DS – Akreos; 1.70 ± 0.93DS – KS-1) and not correlated with spherical aberration. 
Similar findings, in terms of depth-of-focus were encountered by Pepose et al. (2009) 
using a zero aspheric aberration IOL (SofPort LI61AO) and a spherical IOL (Acrysof 
SA60AT) with positive spherical aberration. The authors reported a higher optical 
quality (Strehl ratio) for the aspheric IOL in emmetropia and similar depth-of-focus 
between both IOLs.    
 
Table I.B.2 Variation in distance corrected VA (high contrast) for different test distances.  
Lens VA distance 
(logMAR) ± (SD) 
VA Intermediate 
(logMAR) ± (SD) 
VA near 
(logMAR) ± (SD) 
Spherical 
Aberration (Pm) 
Acrysof IQ † 0.02 ± 0.05 0.43 ± 0.18 0.51± 0.20 0.03 ± 0.05 
Acrysof SN60AT † 0.03 ± 0.04 0.33 ± 0.15 0.39 ± 0.17 0.24 ± 0.05 
Sensar AR90 † 0.02 ± 0.05 0.42 ± 0.14 0.46 ± 0.16 0.14 ± 0.07 
Tecnis Z9001 * 0.03 ± 0.07 - 0.61 ± 0.14 0.02 ± 0.07 
Akreos AO * 0.03 ± 0.07 - 0.59 ± 0.14 0.14 ± 0.07 
Canon KS-1 * 0.04 ± 0.06 - 0.61 ± 0.14 0.21 ± 0.11 
Acrysof SN60WF i 0.01 ± 0.10 - 0.49 ± 0.15 0.04 ± 0.05 
Acrysof SN60 AT i -0.02 ± 0.10 - 0.57 ± 0.15 0.25 ± 0.09 
† (Rocha et al., 2007); * (Shentu et al., 2008); i (Nanavaty et al., 2009); Spherical aberration measured for 
5.0 mm pupil. Test distances – Distance: 6.0 m; Intermediate: 1.0 m; Near: 0.33 m. 
 
Nanavaty et al. (2009) compared the performance of spherical IOLs to that of aspheric 
IOLs implanted in the fellow eye of the same patient. High contrast (100%) and low 
contrast (9%) distance VA were similar for the two IOLs, but the eyes implanted with 
spherical IOLs achieved higher distance corrected near VA, with approximately 0.07 
logMAR difference between the two groups. The near VA findings were accompanied 
by an increased depth-of-focus in the eyes with a spherical IOL (1.90 ± 0.74DS) 
compared with (1.44 ± 0.72DS) in the eyes with an aspheric IOL. Regarding HOA the 
eyes with spherical IOLs were associated with higher amounts of spherical aberration 
ܼସ଴, vertical coma ܼଷି ଵ and trefoil ܼଷଷand the combination of the different aberrations 
was suggested as being the cause of the increased multifocality in eyes implanted with 
spherical IOLs. 
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I.B.7 Intraocular Lens Movement 
 
Several magnetic resonance imaging studies have analysed the anatomical variations 
occurring throughout life in the accommodative mechanism and after the implantation 
of IOLs in order to explain their characteristics and functionality (Strenk et al., 1999, 
Strenk et al., 2004, Strenk et al., 2006, Strenk et al., 2010). Briefly, the findings 
demonstrate that during life, the crystalline lens increases its thickness, pushing the 
pupillary margin forward, causing an anterior and inward movement of the uvea. This 
movement causes a reduction in the circumlental space and decreases the zonular 
tension, constraining the modification of the crystalline lens shape, hence, causing an 
inability to focus near objects (Strenk et al., 2006). This physiologic constraint, in part at 
least, contributes to presbyopia. It has also been shown that an age-related decrease 
in ciliary muscle diameter and anterior movement of the ciliary muscle apex may also 
be associated with the increase in crystalline lens thickness, again contributing to 
presbyopia. Also the ciliary muscle thickness increases with age, probably due to the 
growth of connective tissue or creation of additional muscle fibres in response to the 
applied lenticular forces which are opposed to the elasticity of the choroid (Pardue and 
Sivak, 2000). 
 
In the pseudophakic eye, the extraction of the cataractous thickened crystalline lens 
removes the anterior lenticular forces and the ciliary muscle apex returns to the 
anterior-posterior position characteristic of the relatively youthful phakic eye (Strenk et 
al., 2010). Despite the fact that there is no further increase in ciliary muscle thickness 
after surgery because the IOL is not in contact with the iris, the muscle maintains its 
pre-surgery thickness due to the presence of the connective tissue formed earlier. The 
ciliary muscle ring diameter continues to be decreased after IOL insertion, however it 
continues to show dynamism (reduction) when accommodation is elicited as happens 
in phakic eyes (Strenk et al., 2006). Thus, the preservation of ciliary muscle dynamics 
in pseudophakic eyes contributes to anterior-posterior movement of the ciliary body, 
centripetal variation in ciliary processes causing a reduction in sulcus and capsular bag 
diameter (Marchini et al., 2008). 
 
Various studies have suggested that the direction of the IOL movement (forward or 
backward) could be explained by the position of the IOL optic plane in relation to the 
ciliary muscle apex (Findl et al., 2003a, Marchini et al., 2008, Modesti et al., 2011). 
Normally an IOL has an overall size of approximately 13.0 mm which is bigger than the 
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average ocular capsule with a diameter of 10.4 mm (Atchison, 1989), leaving minimal 
or no space between the capsular bag-IOL complex and the ciliary muscle apex 
(Marchini et al., 2008). During accommodation the reduction in the ciliary ring diameter 
will transmit the force to the IOL haptics deforming them (Figure I.B10 a), or modifying 
the optic plane (Figure I.B.10b) (Marchini et al., 2008). In the case, of posterior 
positioning of the optic plane, induced by backward haptic angulation, the optic plane 
will tend to move backwards, whereas if the optic plane is coplanar with the ciliary 
muscle apex the lens will be more likely to maintain its position showing no movement 
(Modesti et al., 2011). Despite this proposed theory extracted from anatomical 
observations, no relationship has been found between the haptic position and 
amplitude of IOL movement (Findl et al., 2003a, Marchini et al., 2008, Modesti et al., 
2011). 
 
 
Figure I.B.10 Ultrasound biomicroscopy images of two IOLs under different accommodative 
conditions (relaxed and accommodated). (a) Shows haptic deformation (green arrow) in the 
accommodated state. (b) Shows an optical plane change due to IOL tilt. Images extracted from 
(Marchini et al., 2008). 
 
Findl et al. (2003a) evaluated the movement of a 3-piece C-loop IOL, finding that the 
radial force transmitted by the ciliary muscle produced no change in the IOL position, 
however they observed that lenses with higher vaulting (distance between iris to the 
anterior IOL surface) in the resting condition showed larger forward movement. This 
finding led them to propose that forward movement of IOL was induced by a posterior-
anterior vitreous pressure originating from ciliary muscle contraction, however imaging 
techniques have failed to confirm this effect (Modesti et al., 2011). 
 
(a) Haptics Deformation (b) Optic Plane Change
Relaxed Accommodated Relaxed Accommodated
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The movement of various monofocal IOLs, measured by ACD estimation with relaxed 
and stimulated accommodation, was investigated in several studies using different 
techniques. Among the techniques used are slit-lamp photography (Hardman Lea et 
al., 1990), slit-lamp photography using the IOL-Master (Langenbucher et al., 2003a, 
Langenbucher et al., 2003b), A-scan ultrasound biometry (A-scan US) (Gonzalez et al., 
1992, Lesiewska-Junk and Kaluzny, 2000, Legeais et al., 1999, Langenbucher et al., 
2003a, Langenbucher et al., 2003b), partial coherence interferometry (PCI) (Findl et al., 
2003a, Findl et al., 2004, Kriechbaum et al., 2005, Tsorbatzoglou et al., 2006), 
ultrasound biomicroscopy (UBM) (Muftuoglu et al., 2005, Modesti et al., 2011) and 
anterior segment optic coherence tomography (AS-OCT) (Modesti et al., 2011), Table 
I.B.3. The initial studies that used slit-lamp photography and A-scan US tended to show 
higher IOL movement, compared with more recent research using UBM and PCI or 
Slit-lamp photography using the IOL-Master. One of the reasons for the discrepancy in 
the values may be related to instrument precision (Findl et al., 2003a), which in the 
case of A-scan US has the lowest precision with 150-200 μm (Olsen, 1989), compared 
with the 25 μm of UBM (Konstantopoulos et al., 2007) or the 4.0 μm of PCI (Findl et al., 
2003a).  
 
A second reason that can be associated with the variability of the IOL movement is the 
approach used to relax or elicit accommodation. In some studies this was achieved by 
pharmacological induction of accommodation using pilocarpine and in others by using 
a visual stimulus (object distance fixation). Pharmacological induction of 
accommodation (pilocarpine) was shown to overestimate the accommodative effect 
compared with stimulus-driven accommodation (Kriechbaum et al., 2005).  Kriechbaum 
et al. (2005) evaluated the IOL movement of a 3-piece silicone IOL (911A) and a 3-
piece acrylic IOL (AR40) using visual stimulus driven and pilocarpine driven 
accommodation, making measurements with PCI. Both IOLs showed slightly higher 
backward movement, but the individuals showed a higher range of movements under 
the pharmacological condition. This larger movement was probably related with the 
stronger effect of pilocarpine on the ciliary muscle, compared with that induced by the 
visual stimulus. 
 
Therefore the combination of the investigative technique used to measure the IOL 
movement and differences in the method adopted to elicit accommodation may 
contribute to the variability of the reported IOL movements as summarized in Table 
I.B.3. This effect can be observed by the difference in the reported values from different 
studies, when the same IOL was implanted [Acrysof MA60BM (Findl et al., 2003a, 
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Several studies have looked for evidence of the pseudoaccommodation phenomenon 
associated with IOL shift (Hardman Lea et al., 1990, Gonzalez et al., 1992, Legeais et 
al., 1999, Lesiewska-Junk and Kaluzny, 2000, Muftuoglu et al., 2005, Kriechbaum et 
al., 2005, Tsorbatzoglou et al., 2006, Modesti et al., 2011). One study (Lesiewska-Junk 
and Kaluzny, 2000) found a moderate positive correlation between IOL shift and the 
amplitude of apparent accommodation (R=0.40), measured with near point estimation. 
In their group of young pseudophakic eyes (n=45; age [12-19 y/o]), 39 eyes showed a 
forward shift of the IOL (average 0.42 ± 0.23 mm) and a mean  apparent 
accommodation of 4.44 ± 1.75DS. This fact led the authors to attribute the 
pseudoaccommodation present in these patients partially to the IOL movement. 
Muftuoglou et al (2005) in a series of 30 eyes, found an anterior IOL movement in 8 
eyes and a backward movement in remaining 22,  calculated as the difference between 
ACD after instillation of cyclopentolate and pilocarpine. They found a moderate positive 
correlation (R=0.42) between IOL movement and amplitude of accommodation 
(average 1.14 ± 0.24 DS). However the fact that near VA always increased after 
pilocarpine instillation (in the presence of miosis), despite the forward or backward 
movement of the IOL, led the authors to advance that pupil size is the most plausible 
explanation for the pseudoaccommodative effect, rather than IOL movement. 
 
Hardman Lea et al. (1990) compared the movement of two types of monofocal IOLs, a 
rigid Polymethylmetacrylate (PMMA) and a soft Polyhydroxyethyl methacrylate 
(PolyHEMA) IOL, with the refractive change induced by the movement. Lens 
movement was effected by using cyclopentolate and pilocarpine. Refractive change 
was measured by subjective refraction. There was no difference in the refraction under 
the two conditions and the maximum forward movement of the IOL (0.25 mm in one 
eye) was only observed for the PMMA IOL. In a similar experiment (Gonzalez et al., 
1992) using a PMMA and a PolyHEMA IOL, showed a forward movement for the 
PMMA lens (0.08 ± 0.26 mm) and a backward movement (-0.42 ± 0.46mm) for the 
polyHema IOL. The absence of correlation between the IOL movement and the 
refractive change led the authors to conclude that the IOL shift is not a relevant factor 
in pseudoaccommodation. Legeais et al. (1999) also found no correlation between 
pseudoaccommodative amplitude (2.93 ± 0.56 D) and IOL movement (0.29 ± 0.39 mm) 
measured after the instillation of cyclopentolate or pilocarpine. Later studies using 
similar IOLs have also failed to find evidence of the influence of IOL movement on the 
amplitude of pseudoaphakic accommodation (Kriechbaum et al., 2005, Tsorbatzoglou 
et al., 2006, Modesti et al., 2011) or on higher levels of near VA (Nanavaty et al., 
2006), Table I.B.4.   
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Lagenbucher et al. (2003) pointed out that the pseudoaccommodation should be 
evaluated using different techniques to distinguish between the real pseudophakic 
accommodation and pseudophakic pseudoaccommodation. This is related to the fact 
that subjective evaluation of accommodative ability depends on subjective criteria as 
well as the target chosen to measure accommodative function. They assessed 
accommodative amplitude using different subjective and objective techniques as well 
as the change in ACD after pilocarpine instillation. Their measure of accommodative 
amplitude using subjective techniques, 0.42 ± 0.25 D push-up and 0.55 ± 0.33 D 
negative defocusing, were slightly higher than objective measurements, 0.35 ± 0.26 D 
(Plus Optix Power Refractor) and 0.24 ± 0.21 D (streak retinoscopy). They also found a 
decrease in ACD after the instillation of pilocarpine of 0.16 ± 0.09 mm (PCI) accounting 
for 0.22 ± 0.13 D (Langenbucher et al., 2003a).      
 
Based on these studies, it is most likely that IOL movement is not a major contributor to 
pseudoaccommodation. The evidence of backward IOL movement in eyes with similar 
pseudoaccommodation levels as the ones where the IOL moves forward, as well as the 
lack of correlation between apparent accommodation and IOL shift that the majority of 
the more recent studies have shown are the main reasons for reaching this conclusion.     
 52
 
 Ta
bl
e 
I.B
.3
 S
um
m
ar
y 
of
 s
tu
di
es
 s
ho
w
in
g 
m
on
of
oc
al
 in
tra
oc
ul
ar
 le
ns
 a
nt
er
io
r-
po
st
er
io
r m
ov
em
en
t. 
St
ud
y 
N
um
be
r o
f 
Ey
es
 
IO
L 
Ty
pe
 
Te
ch
ni
qu
e 
Po
st
-O
pe
ra
tiv
e 
Pe
rio
d 
IO
L 
M
ov
em
en
t (
m
m
) 
O
th
er
 C
on
di
tio
ns
 
(H
ar
dm
an
 L
ea
 e
t 
al
., 
19
90
) 
21
 
8 
P
M
M
A
 (T
rip
od
) 
S
of
t f
le
xi
bl
e 
P
ol
yh
em
a 
S
lit
-la
m
p 
 
5 
ye
ar
s 
+0
.2
5 
(fo
rw
ar
d)
 
N
o 
si
gn
ifi
ca
nt
 m
ov
em
en
t 
P
ilo
ca
rp
in
e 
2%
 
(G
on
za
le
z 
et
 a
l.,
 
19
92
) 
8 12
 
P
M
M
A
 
P
ol
yH
E
M
A
 
A
-s
ca
n 
U
S
 b
io
m
et
ry
 
1.
5 
to
 4
 M
on
th
s 
+0
.8
8 
± 
0.
26
 (f
or
w
ar
d)
 
-0
.4
2 
 ±
 0
.2
6 
(b
ac
kw
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
P
ilo
ca
rp
in
e 
2%
 
(L
es
ie
w
sk
a-
Ju
nk
 
an
d 
K
al
uz
ny
, 
20
00
) 
45
 
N
ot
 s
pe
ci
fie
d 
A
-s
ca
n 
U
S
 b
io
m
et
ry
 
N
ot
 s
pe
ci
fie
d 
+0
.4
2 
± 
0.
23
 (f
or
w
ar
d)
 
Fi
xa
tio
n 
at
 5
m
 a
nd
 4
0 
cm
 
(L
eg
ea
is
 e
t a
l.,
 
19
99
) 
15
 
A
M
O
 P
ha
co
 F
le
x 
II 
- S
I4
0N
B
 
(s
ili
co
ne
) 
A
-s
ca
n 
U
S
 b
io
m
et
ry
 
6 
M
on
th
s 
+0
.2
8 
± 
0.
38
 (f
or
w
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
P
ilo
ca
rp
in
e 
2%
 
(L
an
ge
nb
uc
he
r e
t 
al
., 
20
03
a )
 
9 5 6 
P
M
M
A
 (8
11
B
, P
ha
rm
ac
ia
 &
 U
p 
Jo
hn
)  
H
yd
ro
ph
yl
ic
 a
cr
yl
ic
 (K
3,
 H
um
an
 
O
pt
ic
s)
 
H
yd
ro
ph
ob
ic
 a
cr
yl
ic
 (A
cr
ys
of
) 
A
-s
ca
n 
U
S
 B
io
m
et
ry
 
P
ar
tia
lly
 C
oh
er
en
ce
 
In
te
rfe
ro
m
et
ry
 (P
C
I) 
6 
M
on
th
s 
+0
.1
8 
± 
0.
12
 (f
or
w
ar
d)
 
+0
.1
6 
± 
0.
09
 (f
or
w
ar
d)
 
P
ilo
ca
rp
in
e 
2%
 
(M
uf
tu
og
lu
 e
t a
l.,
 
20
05
) 
20
 
10
 
A
cr
ys
of
 M
A
30
B
M
 (A
lc
on
) 
A
cr
ys
of
 M
A
60
B
M
 (A
lc
on
) 
U
ltr
as
ou
nd
 
B
io
m
ic
ro
sc
op
y 
14
 ±
 9
.2
 m
on
th
s 
-0
.1
11
 ±
 0
.1
25
 (b
ac
kw
ar
d)
 
-0
.0
47
 ±
 0
.1
39
 (b
ac
kw
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
Fi
xa
tio
n 
30
 c
m
 
(T
so
rb
at
zo
gl
ou
 e
t 
al
., 
20
06
) 
40
 
50
 
A
cr
ys
of
 M
A
60
A
C
 (A
lc
on
) 
A
cr
ys
of
 S
A
60
A
T 
(A
lc
on
)  
A
C
 M
as
te
r (
P
C
I) 
10
.2
 ±
 9
.2
 m
on
th
s 
-0
.0
16
 ±
 0
.0
60
 (b
ac
kw
ar
d)
 
-0
.0
51
 ±
 0
.0
50
 m
 (b
ac
kw
ar
d)
 
P
hy
si
ol
og
ic
 d
riv
en
 
20
 
20
 
A
cr
ys
of
 M
A
60
A
C
 (A
lc
on
) 
A
cr
ys
of
 S
A
60
A
T 
(A
lc
on
) 
-0
.0
01
 ±
 0
.0
70
 (b
ac
kw
ar
d)
 
-0
.0
19
 ±
 0
.0
70
 (b
ac
kw
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
 
(F
in
dl
 e
t a
l.,
 2
00
4)
 
18
 
O
pt
ie
dg
e 
A
R
40
 (A
M
O
) 
P
C
I 
3 
m
on
th
s 
-0
.0
63
 [-
0.
04
1 
to
 -0
.1
61
] (
ba
ck
w
ar
d)
 
P
ilo
ca
rp
in
e 
2%
 
(F
in
dl
 e
t a
l.,
 
20
03
a )
 
10
 
10
 
12
 
8 
A
A
42
03
V
F,
 S
ta
ar
 
P
M
M
A
 M
C
22
0 
(D
r S
ch
m
id
t)  
A
cr
ys
of
t M
A
60
B
M
 (A
lc
on
) 
O
pt
ie
dg
e 
A
R
40
 (A
lle
rg
an
) 
P
C
I 
3 
m
on
th
s 
+0
.1
62
 ±
 0
.1
68
 (f
or
w
ar
d)
 
+0
.0
56
 ±
 0
.0
88
 (f
or
w
ar
d)
 
-0
.1
56
 ±
 0
.1
11
 (b
ac
kw
ar
d)
 
-0
.0
37
 ±
 0
.0
85
 (b
ac
kw
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
P
ilo
ca
rp
in
e 
2%
 
(K
rie
ch
ba
um
 e
t 
al
., 
20
05
) 
6 22
 
91
1 
(P
fiz
er
) 
O
pt
ie
dg
e 
A
R
40
 (A
M
O
) 
A
C
 M
as
te
r (
P
C
I) 
1 
to
 2
 y
ea
rs
 
-0
.0
14
 ±
 0
.0
27
 (b
ac
kw
ar
d)
 
-0
.0
09
 ±
 0
.0
10
 (b
ac
kw
ar
d)
 
P
hy
si
ol
og
ic
 d
riv
en
 
8 6 
91
1 
(P
fiz
er
) 
O
pt
ie
dg
e 
A
R
40
 (A
M
O
) 
-0
.0
19
 ±
 0
.0
53
 (b
ac
kw
ar
d)
 
-0
.0
60
 ±
 0
.1
72
 (b
ac
kw
ar
d)
 
P
ilo
ca
rp
in
e 
2%
 
8 
O
pt
ie
dg
e 
A
R
40
 (A
M
O
) 
+0
.0
08
 ±
 0
.0
02
 (f
or
w
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
  
 53
 
 St
ud
y 
N
um
be
r o
f 
Ey
es
 
IO
L 
Ty
pe
 
Te
ch
ni
qu
e 
Po
st
-O
pe
ra
tiv
e 
Pe
rio
d 
IO
L 
M
ov
em
en
t (
m
m
) 
O
th
er
 C
on
di
tio
ns
 
(N
an
av
at
y 
et
 a
l.,
 
20
06
) 
30
 (c
as
es
) 
30
 (c
on
tro
l) 
A
cr
ys
of
 IO
L 
S
A
60
A
T 
(A
lc
on
) 
A
-s
ca
n 
U
S
 b
io
m
et
ry
 
2 
to
 6
 m
on
th
s 
+0
.7
2 
± 
0.
62
 (f
or
w
ar
d)
 
+0
.6
7 
± 
0.
61
 (f
or
w
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
P
ilo
ca
rp
in
e 
2%
 
(V
am
os
i e
t a
l.,
 
20
06
) 
25
 
28
 
A
kr
eo
s 
D
is
c 
(C
ha
uv
in
) 
A
cr
ys
of
 M
A
60
B
M
 (A
lc
on
)  
A
-s
ca
n 
U
S
 b
io
m
et
ry
 
12
 m
on
th
s 
+0
.5
7 
± 
0.
23
 (f
or
w
ar
d)
 
+0
.4
2 
± 
0.
62
 m
 (f
or
w
ar
d)
 
C
yc
lo
pe
nt
ol
at
e 
1%
 
Fi
xa
tio
n 
30
 c
m
 
(M
od
es
ti 
et
 a
l.,
 
20
11
) 
24
 
A
cr
ys
of
 IO
L 
S
A
60
A
T 
(A
lc
on
) 
U
B
M
 
A
S
-O
C
T 
1 
ye
ar
 
U
B
M
 (e
ye
s)
 
A
S
-O
C
T(
ey
es
) 
P
hy
si
ol
og
ic
 d
riv
en
 
0.
00
 (3
)  
0.
00
 (3
 e
ye
s)
 
0.
10
 (9
) b
ac
kw
ar
d 
0.
07
 (8
) b
ac
kw
ar
d 
0.
07
 (1
2)
 fo
rw
ar
d 
 
0.
09
 (1
3)
 fo
rw
ar
d 
 
  
Chapter I.B Pseudoaccommodation 
 
54 
 
I.B.9 Summary 
 
Evidence in the literature, regarding the factors involved in pseudoaccommodation, 
suggest that pupil size, corneal multifocality and astigmatism may contribute to the 
increased ability to provide good near vision levels. Pupil size is closely related with 
depth of focus theory. The literature does not establish consistent evidence of 
increasing dioptric power caused by the forward movement of IOLs. Although age has 
been associated with pseudoaccommodation, no study demonstrated an intra-
individual correlation between age and amplitude of apparent accommodation. Ocular 
and corneal aberrations as well as corneal multifocality have been associated with 
apparent accommodation, though only three studies have demonstrated the effect of 
these factors. The relationships are summarized in Table I.B.4.  
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Chapter II 
 
II. Methods Overview  
 
The methods chapter is constituted by eight sections, namely, Visual Acuity, Reading 
Chart, Contrast Sensitivity, Corneal Topography, Ocular Biometry, Pupil Photography, 
Aberrometry and Surgical Protocol, describing the methodology used during the main 
experimental work. This experimental work included visual performance assessment of 
10 participants who took part in a pilot study and yet in a bigger study with 59 
pseudophakes who had visual and optical performances as well as anatomical 
structures evaluated. 
 
The three initial sections report the reproduction or development of standard visual 
performance assessment tools. This was conducted due to the nature of the 
experimental work, using repeated measurements, which required the use of different 
versions for the same tool, to minimize possible learning effects. The repeatability of 
the reading chart and the contrast sensitivity protocol were also evaluated for small 
cohorts of participants. 
 
The Corneal Topography, Ocular Biometry and Pupil Photography chapters describe 
each of the investigative techniques and provide data descriptors used during 
experimental data analysis. 
 
The Aberrometry chapter describes the principle behind the Hartmann-Shack 
aberrometer and characterizes the instrument used during the experimental work. 
However incongruency in refractive error calculation, incoherent with the theoretical 
prediction, required further investigation to ensure about the validity of the aberrometer 
reported values.          
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Chapter II 
 
II.A. Visual Acuity  
 
II.A.1 Aim 
 
The aim of this section is to describe the production of distance and near Bailey-Lovie 
type VA charts. The developed distance version was a computer-based chart and the 
near version was printed on photographic paper.  
 
The specific objectives of the present work were to, 
x Create a sufficient number of VA chart versions that allow for repeated 
measurements.  
x Implement the VA standards defined in the bibliography as accurately as 
possible. 
 
 
II.A.2 Introduction 
 
Probably the most commonly measured psychophysical threshold, VA, is arguably the 
most important measure of visual outcomes in clinical practice and research. The 
Bailey-Lovie logMAR VA chart (Bailey and Lovie, 1976), later modified by Ferris et al. 
(1982), (Table II.A.1), has become the gold standard for VA measurements in clinical 
research (Ferris and Bailey, 1996). Bailey and Lovie (1976) based the development of 
the new chart on two fundamental principles. The first states that the VA task for all 
letter sizes should be similar and should remain so when non-standard viewing 
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distances are used. This implies that the only chart parameter likely to influence VA 
score is letter size. The second assumption establishes that the presence of a 
logarithmic progression for letter size, combined with the standard test task (1st 
assumption), allows for a wide variety of test distances with consistent outcomes. 
  
Table II.A.1 Parameters of Bailey-Lovie logMAR charts, described by Ferris et al. (1982). 
Parameter Chart Characteristics Observation 
Letters per line 5 letters per line No letter repetitions in the same line  
Letters  10 Sloan letters  C, D, H, K, N, O, R, S, V, Z  
Nonserifed, upper-case, formed with 
a squared outline, with a stroke 
width of one fifth the letter height  
Letter legibility All lines with difficulty scores < 1% For reference table 1 in Ferris et al 
1982 
Space between lines Space between lines is equal to the 
letter height of the adjacent smaller 
line  
 
Space between letters Space between letters is one letter 
width 
 
Visual Acuity Range 1.0 logMAR to -0.3 logMAR in (0.1 
steps) 
 
Letter height progression 
Letters are
1010  ≈1.26 times the letter 
height on the next smaller line 
Geometric  
Visual angle doubles every 3 lines 
 
The logarithmic progression adopted for the VA chart relies on the fact that discernible 
thresholds follow a logarithmic progression and therefore when they are measured with 
a logarithmic size progression scale, a constant relationship should be found (Weber’s 
Law) (Westheimer, 1979, Raasch et al., 1998). This has a major practical advantage 
when measuring VA at nonstandard viewing distances, due to the direct relationship 
obtained between viewing distance and the angle subtended by the letters in the chart 
(Bailey and Lovie, 1976, Ferris et al., 1982). 
 
It has been proposed that equal legibility of VA chart letters is an important factor 
contributing to the reliability of VA measurements Bailey and Lovie (1976). The Sloan 
letters, used in Bailey-Lovie charts, have similar degrees of difficulty, based on how 
often a letter is correctly identified at the acuity threshold. Furthermore, when using 5 
letter lines the maximum amount of difficulty score difference between lines should be 
less than 1% (Ferris et al., 1982). The consistency of VA measurements using the 
original VA lines was shown by the low variability of the outcomes (Standard Deviation 
(SD) = 1/20 of a letter) when compared with simulated equal legibility lines (Raasch et 
al., 1998).    
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The equal legibility of high contrast Sloan letters as a function of size was 
demonstrated by Alexander et al. (1997) by showing the dense superposition of the 
frequency of seeing curves for the different letters. A similar finding was found for large 
letters (1.3 logMAR) when presented as a function of contrast but the same was not 
reproduced for small letters (0.1 logMAR) (Elliott et al., 1990, Alexander et al., 1997). 
This finding points out that the different Sloan letters, near resolution threshold, do 
show some variability in legibility as a function of different contrast levels.   
 
The adopted scoring system for the Bailey-Lovie charts is based on a letter-by-letter 
method, where each of the 5 letters in one line corresponds to 0.02 log units, adding up 
to 0.1 log units per line. For each letter not identified correctly, 0.02 logMAR units 
should be added to the highest VA line where reading was attempted in order to obtain 
the VA value (Ferris et al 1982). The letter-by-letter scoring system has been shown to 
provide lower test-retest variability for the 95% confidence interval than the traditional 
line-by-line scoring (Vanden Bosch and Wall, 1997, Lovie-Kitchin, 1988) with values 
ranging from ±0.07 logMAR (Elliott et al., 1990), ±0.09 logMAR (Rosser et al., 2003b), 
±0.10 logMAR (Ferris et al., 1982) and ±0.11 logMAR (Rosser et al., 2003a), in normal, 
refractively corrected subjects. Chart variability however, was found to increase 
considerably with refractive error, from ±0.11 logMAR with 0.00 D of defocus to ±0.25 
logMAR with 1.00 D of defocus (Rosser et al., 2004). Carkeet at al. (2001) used the 
frequency of seeing data from Bailey-Lovie letter charts to determine the probit 
(probability of seeing a letter) letter size. The authors reported that for in-focus eyes the 
probit size should be 0.07 logMAR and 0.12 logMAR for eyes with spherical defocus. 
 
II.A.3 Technical Development  
 
II.A.3.1 Generation of Letter Set 
 
Both distance and near charts were composed of lines with ten Sloan letters per line, 
representing 0.01 logMAR units per letter. A routine was written in Matlab to generate 
two random vectors with 5 unrepeated letters (Table II.A.1) in each vector, and the sum 
of the vectors containing the full set of 10 standard Sloan letters. Hence, each VA line 
was composed of the 10 standard Sloan letters, randomly placed. The letters were 
presented either at distance or near in 5 letters groups, so that every VA line was 
measured twice. The level of difficulty with regard to letter legibility was not taken into 
account since all 10 letters were presented in each line and the difficulty of each line 
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would be identical baring second order effects (for example if a C were easier to read if 
presented after an H rather than after an O), even though the two 5 letters vectors 
could have different levels of legibility. 
 
The letter font used in the distance and near chart was a Sloan font type, available 
from http://www.psych.nyu.edu/pelli/software.html.  
 
 
II.A.3.2 Distance Visual Acuity Chart 
 
Distance high contrast (94%) and low contrast (10%) VA charts were developed using 
a computer-based presentation. Stimuli (letter lines) were generated using 
Psychophysical Toolbox 3 (PTB-3) supported by Matlab (Matlab™ student version 
2008b; Mathworks INC) and presented on a laptop screen (Laptop: Acer Aspire 2920, 
2.00 Ghz, screen resolution: 1280 x 800 pixels) with Windows Vista™ platform. For 
monitor calibration refer to Contrast Sensitivity chapter, Chapter II.C. 
 
Letter sizes for the different VA levels, 1.0 logMAR to -0.2 logMAR in 0.1 steps, were 
defined for a 3.0 m viewing distance. The total presentation screen subtended 300.0 
arcmin horizontally, 187.8 arcmin vertically and had a white background with 220 cd.m-
2 of mean luminance, Figure II.A1. The pixel array for the smallest letters was 
composed of 13x13 pixels (pixel size = 0.205 mm (horizontal and vertical), -0.2 
logMAR letter size at 3.0 m = 2.753 mm). For VA levels at which the angular subtense 
of the group of letters was greater than the screen horizontal size, (0.9 and 1.0 
logMAR), letters were presented in rows of 4 and 3 letters for 0.9  and 1.0 logMAR 
respectively.  
 
The operator used the laptop keyboard arrows to change VA as well as letter vectors. 
Each VA line was presented isolated in the centre of the monitor and a previously 
printed template with the VA letters used in each chart version was used to mark letters 
as correctly or incorrectly identified, in order to determine the VA score.  
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(a) (b) 
Figure II.A.1 Distance and near visual acuity charts (a) Distance chart, computer based, (b) 
Near chart, paper-based. 
  
II.A.3.3 Near Visual Acuity Chart 
 
Near high contrast (92%) and low contrast (10%) VA charts were designed (Corel Draw 
12®, Corel Corporation 2003) and printed (printer: Canon PIXMA iP2600, max 4800dpi) 
using photographic paper (paper: A4 Photo Paper Glossy, Tesco™, 210*297 mm, 
190gsm).   
 
The chart contrast was calibrated by creating a grey scale ranging from 0% (white) to 
100% (black) and measuring the luminance (Minolta CS 100 Photometer, Osaka, 
Japan) for each grey level, printed on the photographic paper. Michelson contrast, 
(equation II.A.1), was calculated for each level of defined contrast and a curve was 
fitted to allow interpolation of letter contrast level for a particular Michelson contrast () 
(Michelson, 1927), (Figure II.A.2).   
 
 
ܥெ ൌ
ܮெ௔௫ െ ܮெ௜௡
ܮெ௔௫ ൅ ܮெ௜௡ ൈ ͳͲͲ Equation II.A.1 
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Figure II.A.2 Relation between letter contrast, specified in Corel Draw and Michelson contrast. 
Circles with SD (bars smaller than the symbol size) represent the average of 3 measurements 
and the line the polynomial curve fitting. 
  f(x)=-2.1968e-8 x5 + 2.6704e-6 x4 - 1.8371e-5 x3 + 1.6658e-3 x2 + 4.61e-1 x - 5.4838e-3 
 
The high contrast chart was printed using “100%” black.  For the low contrast chart 
“20%” black was used. These yielded a92% and a10% Michelson contrast respectively. 
Letter size was calculated for a 0.33 m viewing distance. Later, size, printing and edge 
quality of the letters were evaluated using a microscope. 
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Chapter II 
 
 
B. Reading Speed – Development of a Reading Speed 
Chart in English and Portuguese 
 
 
II.B.1 Aim 
 
The aim of this section is to describe the development of a reading speed assessment 
task, based on the characteristics of the Minnesota Reading Chart (MNREAD) but 
composed of paragraphs made of unrelated words.  
 
Initially, a selection of a group of paragraphs allowed subsequent development and 
validation of new reading speed charts. The procedure was conducted in two 
independent studies, one enrolling English speakers and other involving Portuguese 
speakers, allowing the development of custom reading speed charts for these 
languages. 
 
The development of a series of purpose-made versions of reading charts was 
necessary because of the need to repetitively assess reading speed ability within one 
experimental session and across different sessions. The repetitive assessment of 
reading ability using low scholar grade material, a characteristic of the MNREAD chart, 
is more prone to memorisation than random simple vocabulary. Thus, it was proposed 
that the new random reading chart would be more robust to memorisation.   
 
The specific objectives of this section were as follows, 
x Description of the development of new Random Reading Chart versions, in 
English (EN) and Portuguese (PT).  
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x Presentation of reading speed measurements obtained in both studies and 
comparison of the outcomes. 
x Assessment of the reliability of the new chart and intersession repeatability of 
the different charts. 
 
 
II.B.2 Introduction 
 
Visual acuity is the standard technique to assess visual performance in clinical practice 
and in the great majority of the research literature, especially the impact of refractive 
errors on the visual system. Although it is a reliable technique, it does not entirely 
represent a normal visual task. This happens because it relies on individual character 
discrimination which only represents a small part of a common visual task, and it 
operates only at the threshold of perception, whereas most visual tasks take place well 
above this threshold. On the other hand, reading speed assessment is a more realistic 
technique since it involves the recognition of sequential characters and posterior 
integration of the visual information in a cognitive process (Whittaker and Lovie-Kitchin, 
1993) and enables measures that encompass performance both at threshold and 
above it. Although  reading speed has been especially developed and described as a 
psychophysical technique to evaluate visual performance in low vision patients (Legge 
et al., 1985b), it can also be used to assess visual performance in normal subjects 
(Legge et al., 1985a), for example in the presence of dioptric defocus (Chung et al., 
2007), or to evaluate the outcomes of refractive surgery procedures, such as 
implantation of multifocal and accommodative IOLs or monovision techniques (Ito and 
Shimizu, 2009, Ito et al., 2009, Gupta et al., 2009). 
 
 
II.B.2.1 Fundaments of Reading Speed 
 
Legge et al. (1985a) provided a comprehensive description of the psychometric 
characteristics involved in a reading speed task. Using a scanning technique on a PC 
screen allowing the control of text parameters, they established a technique where the 
reading speed was calculated by the combination of the time spent reading and the 
number of errors made by the observers. Comparison between reading rate 
assessment using drifting and static text showed similar qualitative performance 
(reading curve shape), yet quantitative differences which were related to eye 
Chapter II.B Reading Chart 
 
66 
 
movement differences between the two types of task (Legge et al., 1989a). Some of 
the findings obtained for the scanning technique were later verified for static text 
(Legge and Rubin, 1986, Legge et al., 1987). The results demonstrated a direct 
relationship between the scanning rate and reading rate up to a scanning rate limit, 
after which the observer started to make errors representing a sharp decrease in 
reading rate. Varying the character width produced a large broad reading rate peak for 
characters width comprised between 0.3 and 2 degrees (~1.4 logMAR to ~0.5 logMAR 
at 0.4 m). The abrupt decrease in reading performance for characters smaller than 0.3 
degrees was associated with acuity limitations whereas for characters above 2 degrees 
the smooth decrease in the curve was related to visual field limitations or eye 
movement limitations. When the letters were filtered using opaque masks with different 
sample densities, the reading rate increased with mask density up to a critical sample 
density value, which was dependent on the character size. For matrices above the 
critical sample density, the reading rate was held constant. Using ground glass which 
acted as a low-pass filter, the reading rate increased independently of the character 
size up to a limit of 2 cycles per character, as the filter bandwidth was extended. 
Similar results were found in other studies for isolated letters (Anderson and Thibos, 
1999, Majaj et al., 2002). This result led Legge et al (1985) to suggest that only one 
spatial frequency channel is required for reading, since when a letter is filtered to a 
bandwidth of 2 cycles per character the character spectral information will be contained 
within one octave bandwidth, which is the bandwidth of a spatial frequency channel.  
Studies of reading performance variation as function of letter contrast showed an 
overall depression in the reading curve, with larger (< 2 degrees) and smaller 
characters (< 0.25 degrees) being more affected. The similarity between the shape of 
the contrast sensitivity curve and reading performance curve suggests a close relation 
between character width and the spatiotemporal channels modelling contrast sensitivity 
(Legge et al., 1987).     
 
Other characteristics such as the influence of luminance, wavelength, contrast polarity, 
and window presentation size, binocular vs monocular viewing were also examined. 
The outcomes are summarized in Table II.B.1.  
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Table II.B.1 Summary of factors influencing reading rate. 
Property Outcomes 
Contrast Polarity 
(Legge et al., 1987) 
x Has little effect on reading performance in normal sighted observers 
Luminance 
(Legge et al., 1985a) 
x Increment in reading rate with increasing illumination (tested between 0.3 
and 300 cd.m-2)  
Binocular vs monocular 
viewing  
(Legge et al., 1985a) 
x No differences between the two types of viewing conditions 
Wavelength 
(Legge and Rubin, 1986) 
x Under photopic conditions for letters above the acuity limit reading 
performance was independent on the print material wavelength. For letters 
near the acuity limit blue print produced a reduction in reading 
performance which was attributed to complex neural interactions.  
Luminance and Colour 
Contrast 
(Legge et al., 1990) 
x Reading speed performance for luminance contrast and colour letters 
contrast are similar for normal sighted subjects. When both types of 
contrast are present the performance is determined by the contrast 
providing the highest reading speed.   
Comprehension 
(Legge et al., 1989b) 
x Using 0.5 degrees character width comprehension decreases steadily for 
reading rates higher than 200 words per minute. 
Age 
(Akutsu et al., 1991) 
x Age does not influence reading rate as long the reading material has a 
letter size within an optimal size interval (0.3 to 1.0 degrees). However 
older subjects demonstrate less tolerance to characters size variation 
outside the optimal interval. 
 
 
II.B.2.2 Minnesota Low-Vision Reading Test (MNREAD Chart) 
 
The MNREAD chart is a reading chart developed to evaluate the reading performance 
of low-vision subjects and isolate the visual factors involved in reading. This tool was 
designed to be insensitive to non-visual factors that influence everyday reading, such 
as text complexity, cognitive and linguistic ability, reading strategy and motivation 
(Legge et al., 1989a). Other reading charts developed to assess the reading abilities in 
low vision subjects include the Bailey-Lovie chart (Bailey and Lovie, 1980), Sloan M 
card (Sloan and Ryan, 1971) and the Pepper reading chart (Baldasare et al., 1986), 
however these charts lack the sophistication of the psychophysical aspects of the 
MNREAD chart (Legge et al., 1989a). Mansfield et al. (1993) presented a paper-based 
version of the MNREAD chart, (Table II.B.2), applying it to normal and low vision 
subjects.  
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Table II.B.2 Paper-based version of the MNREAD chart (Mansfield et al., 1994). 
Parameter Chart Characteristics Observations 
Test Paragraphs MNREAD sentences 
60 characters per paragraph, 
including spaces 
Printed in 4 lines 
Reading material designed to 
demand visual processing 
capabilities and eye-movement 
control required for normal text 
reading 
Material selected from lower 
school grades 
Print Sizes 1.3 to -0.5 logMAR Each sentence is 0.1 logMAR 
unit smaller than the previous 
Chart Illumination White background (80 cd.m-2)  
Space between paragraphs Equal to the height of the following 
paragraph 
 
Font Times New Roman Proportionally spaced, serif 
letters  
Contrast ~85%  
Distance 0.40 m Reference to the VA printed on 
the chart 
 
 
Legge et al (1989a) measured the reading rate using related and unrelated words in 
low vision subjects the reading rate was 15% to 30% lower for unrelated words. In spite 
of this reduction both types of paragraphs provided a consistent measure of reading 
performance. Research on the effects of font type in reading speed has shown that 
fixed-width (e.g. Courier) and proportionally spaced (e.g. Times New Roman) fonts 
affect reading performance in different ways. In normal sighted subjects fixed-width 
fonts allow higher reading acuities (RA) (0.05 logMAR) and smaller critical print sizes 
(CPS) (the smallest print size that the observer can read at maximum speed) by 
around 0.06 logMAR. These findings may be linked to the proximity of adjacent letters 
in proportionally spaced text which interferes with letter recognition and differences in 
font types such as stroke thickness and serif type (Mansfield et al., 1996, Arditi et al., 
1990). On the other hand, the maximum reading speed was approximately 5% higher 
for proportionally-spaced fonts, but for characters below CPS, reading rates are 
superior for fixed width fonts. The higher reading speed found with proportional-space 
fonts above the CPS may be explained by the larger number of characters that fit 
within an area of the visual field over which reading information can be gathered in a 
single fixation. Characters near the resolution limit may benefit from the larger spacing 
between strokes enhancing letter recognition (Mansfield et al., 1996). Chung in (2002) 
identified the presence of a critical space size below which the reading rate decreased 
with a decrease in the letter spacing. A similar effect was observed when reading 
performance using the same font type was measured using upper and lower-cases. 
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The former condition allowed for lower thresholds but when the letter size was 
increased the superiority of upper-case disappeared (Arditi and Cho, 2007). 
 
 
II.B.2.3 Repeatability of MNREAD Charts and Comparison with other 
Reading and VA Charts 
 
Mansfield et al (1994) found that acuities measured with the MNREAD chart were 
highly correlated with Sloan M cards (R =0.94) and with distance and near Lighthouse 
VA tests (R= 0.97). The repeatability of the MNREAD chart, in terms of reading acuity 
(RA), was assessed using two versions of the chart indicated a mean difference of 0.02 
logMAR units. In a more comprehensive analysis of MNREAD chart repeatability the 
reading performance was evaluated in 30 normal sighted subjects. The 95% 
confidence intervals for RA, CPS and maximum reading speed (MRS) were 0.05 
logMAR, 0.12 logMAR and 8.6 words per minute (wpm) respectively. When tested at 
different distances RA and CPS changed significantly but reading speed did not 
(Subramanian and Pardhan, 2006). A previous study analysed the repeatability of the 
Italian version of MNREAD chart in young subjects. For the young population study the 
limits of agreement were substantially higher, for the same reading parameters, 
reading acuity (0.142 logMAR), CPS (0.193 logMAR) and MRS 0.077 logWPM (Virgili 
et al., 2004).  
 
II.B.2.4 Reading Charts for Different Languages 
 
The large majority of research on the reading performance topic has been conducted in 
English, making use of the original MNREAD chart (Mansfield et al., 1993, Mansfield et 
al., 1994). Following the original guidelines several versions of the MNREAD charts 
have been developed in different languages such as, Japanese (Oda et al., 1998), 
Italian (Virgili et al., 2004), Portuguese (Castro et al., 2005) and Turkish (Idil et al., 
2011), where the psychometric parameters can be used as in the original versions. 
Parallel to the developments in MNREAD charts other types of reading charts such as 
the Radner reading chart has been developed for German (Radner et al., 2002) and 
Spanish (Alio et al., 2008). 
 
Initially, the present study was planned for use in a native English speaking population, 
therefore the initial research was based on the development of a reading chart using 
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the MNREAD guidelines, but composed of unrelated words. A project constraint meant 
that the project had to be conducted in a different population, leading to the use of 
reading speed charts in Portuguese and Spanish. In this way the present chapter 
presents the development of a reading chart in English that was used during the pilot 
study (Chapter III.A) and is compared with a parallel study to develop a similar reading 
chart in Portuguese (Silva, (2009), personal communication).  
 
As the results presented here show a close equivalence between the behaviour of the 
MN-charts, whether constructed in English or Portuguese, the reading chart versions in 
Spanish and Portuguese used in the clinical trial (Chapters III.B and IV.C) did not follow 
this same exhaustive validation protocol and were created by random generation of 
paragraphs, use common Portuguese and Spanish words.      
 
 
II.B.3 Methods 
 
 
II.B.3.1 Overview 
 
Two similar experimental studies, Figure II.B.1, were designed to develop the Random 
Reading Chart versions for the two languages. Initially 100 (EN) and 40 (PT) 
paragraphs composed of unrelated words and same letter size were generated and 
printed. The reading speed for those paragraphs was assessed for 10 (EN) and 20 
(PT) normal sighted participants, over two separated sessions (EN) and one single 
session (PT). 
 
In the English study arm, over the initial two sessions (day 1 and 2), reading speed was 
also assessed using one version of the original MNREAD chart EN (Mansfield et al., 
1993). Two selection criteria were applied to the initial 100 paragraphs resulting in 76 
paragraphs being selected and subsequently used to construct two versions of the 
Random Reading Chart (Random Chart EN I and Random Chart EN II).  Reading rates 
were measured on two different days (day 3 and 4) using the two new developed 
versions.  
 
For the Portuguese study arm, the selection criteria applied to the initial 40 paragraphs, 
relied only on reading speed measurements collected during a single session (day 1), 
resulting in 35 paragraphs being selected. These paragraphs allowed subsequent 
construction of two versions, however for the Portuguese study design only one of the 
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Random Reading Charts was used (Random Chart PT I). Reading rates using 
MNREAD chart PT (Castro et al., 2005) and the Random Chart PT I were assessed in 
random order, in two later sessions (day 2 and 3). 
    
 
Figure II.B.1 Scheme for the English and Portuguese study design. 
 
 
II.B.3.2 Description of the Participants 
 
 
Eleven participants, eight males and three females, were enrolled in the English part of 
the study. Participants were optometry students or academic staff members from the 
Bradford School of Optometry and Vision Science. The Portuguese study comprised 
twenty subjects, eight males and twelve females, recruited from the population 
attending for a routine eye exam. The inclusion criteria were: best corrected distance 
and near VA higher than 6/6 and 0.0 logMAR respectively, refractive astigmatism lower 
than 1.00 DC, absence of ocular pathology and ability to read natively in the language 
used in the chart. The participants’ details are summarized in the Table II.B.3.  
 
 
 
Session 1
MNREAD EN
100 paragraphs
Session 2
MNREAD EN
100 paragraphs
Paragraph Selection
+
Random Chart 
Development
Session 3
Random EN I
Random EN II
Session 4
Random EN I
Random EN II
Session 1
40 paragraphs
Paragraph Selection
+
Random Chart 
Development
Session 2
MNread PT
Random PT I
Session 3
Random PT I
MNread PT
(a) (b)
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al., 1985a). Therefore choosing this letter size allows us to assume that reading speed 
is independent of the precise character size, font, or visual acuity and any variability in 
reading rates would be related with the word construction within the paragraph.   
  
 
II.B.3.4 Original MNREAD Paragraphs 
 
Original MNREAD paragraphs for the English (Mansfield et al., 1994) and Portuguese 
(Castro et al., 2005) arms of the study were extracted from commercially available 
charts. Paragraphs were composed of three lines of words with ten to thirteen words 
per paragraph. No punctuation was used and all letters were lower case. Fifteen 
paragraphs were used to construct the MNREAD chart covering a range of VA from 1.2 
to -0.3 logMAR.  
 
 
II.B.3.5 Paragraph Reproduction 
 
All paragraphs used in both studies were designed according to character size and  
font type using Corel Draw 12® (Corel Corporation 2003) and printed (Inkjet printer: 
Cannon PIXMA iP2600, max 4800 dpi) on A4 photographic paper sheets (A4 Photo 
Paper Glossy, Tesco™, 210x297 mm, 190 gsm). The quality of the printing was 
visually evaluated using a microscope, characters smaller than -0.3 logMAR were not 
accurately reproduced using our printing system. The paragraphs were printed using 
lower case Times New Roman, proportionally spaced font. The font size for the desired 
VA was calculated from the height of a lower case “x” (Mansfield et al., 1994), for a 
0.33 m viewing distance and the logarithm of print size given by equation II.B.1. Letter 
contrast was 92%, extrapolated from the contrast curve used to calibrate the near 
vision VA charts. 
 
 ሺሻൌ  ൬Ǧͷ ൰ Equation II.B.1 
  
 
II.B.3.6 Measuring Procedure 
 
In both experimental protocols (EN and PT) observers sat in chair with the reading card 
oriented 45 degrees from the horizontal plane, placing it perpendicular to the line of 
sight as the subject viewed the target in down gaze. The card was placed 0.33 m from 
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the eye and this distance was checked regularly with a ruler. The luminance of the card 
plane on the white background was 206 cd.m-2 (EN) and 106 cd.m-2 (PT), with the 
illumination being provided by two Tungsten (60 W) lamps and one Halogen (20 W) 
lamp, respectively. The target area was small enough with respect to the light projected 
from the lamps to ensure that illumination was perceptually uniform across the area of 
the card. 
 
In the English study arm each participant’s voice was recorded (Audacity 1.2.6, 
Sourceforge) during the reading sessions to allow later confirmation of the reading 
errors and reading time, whereas in the Portuguese cohort time was recorded using a 
stopwatch. Reading time was determined by the time taken from the participant reading 
the first word (EN) or the examiner pronouncing the word “start” (PT) until the time that 
the last word was pronounced. Participants were instructed to read as quickly as 
possible and were encouraged to read paragraphs with smaller letter sizes until they 
were not able to read any of the words in the paragraph. When words appeared 
unreadable to a participant (s)he was encouraged to guess. Missed words, words read 
incorrectly or added words were considered as errors (Mansfield et al., 1994). 
 
 
II.B.3.7 Reading Speed Parameters  
 
The reading charts used in this study were composed of 15 paragraphs with print sizes 
ranging from 1.2 to -0.3 logMAR in 0.1 log steps. In normally sighted subjects reading 
speed increases rapidly with print size for small character sizes, reaching a plateau 
near 0.2 logMAR and decreasing again for print sizes larger than 1.3 logMAR (Legge et 
al., 1985a). The reading time () in seconds obtained for each paragraph can be 
converted to reading speed (), in words per minute (wpm), using equation II.B.2. 
 
 ൌ ͸Ͳ ൈ ሺ െ ሻ  Equation II.B.2 
  
Where  is the number of words per paragraph and  is the number of errors 
made by the reader in each paragraph (Mansfield et al., 1994).  
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The area under the fitted curve () was considered as an estimation of the overall 
reading performance for each participant and its calculation can be expressed by 
equation II.B.5. 
 
ܣܷܥ ൌ න ݎሺݔሻ
ଵǤଶ
௫ୀఏయ
 Equation II.B.5 
 
The critical print size () is considered as the print size where the observer starts to 
decrease the reading rate, this was calculated as the print size that produces 99% of 
the MRS, as expressed in equation II.B.6. 
 
ܥܲܵ ൌ
൤ͳ െ ሺͲǤͻͻ ൈ ߠଵሻሺߠଵሻ ൨
െ݁ఏమ ൅ ߠଷ 
Equation II.B.6 
 
The threshold print size (), defined as the print size that yields 80% of the MRS 
(Chung et al., 2007), was calculated in the present study using equation II.B.7. 
Substituting the 0.8 factor in equation II.B.6 the TPS may be adapted to any desired 
level.    
 
ܶܲܵ ൌ
൤ͳ െ ሺͲǤͺ ൈ ߠଵሻሺߠଵሻ ൨
െ݁ఏమ ൅ ߠଷ 
Equation II.B.7 
 
With Ʌͳ in words per minute. 
 
 
II.B.3.8 Analysis of Results – Methods 
 
II.B.3.8.1 Paragraph Selection 
 
The selection of the paragraphs used to build the random reading charts was based on 
the reading speed values obtained during the two initial sessions, for the English cohort 
and based on the single initial reading session for the Portuguese cohort. Two criteria 
were applied in each study to select the paragraphs, 
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For the English study: 
 
First Criterion – The reading speed for a particular paragraph had to be within the 90% 
confidence interval (CI) of the distribution of the mean reading speeds of the 100 
paragraphs. Calculation of the mean reading speed for each of the 100 paragraphs 
was done by averaging the reading speed of the two sessions for each observer and 
then averaging the reading speed for each paragraph across all subjects  
  
Second Criterion – The difference (average across the observers) in reading speed for 
each paragraph obtained in the two sessions had to be within the 90% CI for this 
metric. The difference in the reading speed for each paragraph was determined by 
subtracting the first and second session reading speed values. 
 
For the Portuguese study: 
 
First Criterion – Similar to the one adopted for the English study arm, with the reading 
speed values of the 40 paragraphs being measured in a single session. 
  
Second Criterion – The standard deviation (SD) of the reading speed values of each 
paragraph had to be within the 90% CI of the distribution of this metric, i.e. paragraphs 
that were unusually similar or unusually different in terms of their change between 
individual measurements were excluded. Calculation of the reading speed SD for each 
paragraph was obtained from the reading speed values of the 20 participants and the 
mean standard deviation calculated by the average of each paragraph SD.  
 
In both studies, application of the above criteria excluded paragraphs with more than 
~10 wpm difference from the mean reading speed. The paragraphs fulfilling both 
criteria were divided in four groups according to the mean reading speed of each 
paragraph. To construct the random charts the paragraphs were ordered (1.2 to -0.3 
logMAR) taking into account their mean reading speed. This allowed us to minimise the 
differences in reading speed between adjacent paragraph letter sizes.    
 
 
II.B.3.8.2 Reading Speed Performance in the English and Portuguese Cohorts  
 
Analysis of reading speed performance in both arms of the study was done by 
averaging the measurements across the two chart presentation sessions for each of 
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the reading speed parameters (AUC, MRS, CPS and RA). In the English study arm, 
reading parameters measured with the MNREAD EN were obtained by averaging day 
1 and day 2 parameters. The same was done for parameters obtained with the 
Random EN I chart in day 3 and 4. For the Portuguese cohort the reading speed 
parameters measured using the MNREAD PT and the Random PT I were averaged 
from the values determined in sessions 2 and 3 of this study. The reading parameters 
were compared individually using an independent Student t–test or a Mann-Whitney 
test, depending on the distribution of the data.  
 
 
II.B.3.8.3 Reliability of Reading Speed Performance – MNREAD versus Random 
Reading Chart  
 
Reading performance measured using the developed Random Reading Chart was 
compared with the MNREAD chart, with an aim to evaluate possible differences 
between the two types of chart. The reading parameters values used in this section for 
the charts, MNREAD EN, MNREAD PT, Random EN I and Random PT I, were 
determined as described in the previous section. The different parameters were 
compared by their means (paired Student t-test or Wilcoxon test), intra-participant 
difference and intra-participant correlation (Pearson or Spearman correlation).   
 
 
II.B.3.8.4 Repeatability of MNREAD and Random Reading Chart   
 
Test-retest repeatability using Bland-Altman analysis was applied to analyse the 
variability of MNREAD and Random Reading charts over two experimental sessions. 
Therefore repeatability of MNREAD EN was evaluated by comparing the parameters 
obtained during day 1 and day 2 (11 participants). The same was done for the Random 
EN I using parameters measured in day 3 and 4 (8 participants). The repeatability of 
the MNREAD PT and Random PT I was evaluated by comparing the performance of 
both charts in session 2 and 3 (20 participants). Intra-participant correlation (Pearson 
or Spearman correlation) was calculated to evaluate the agreement between the two 
testing days. 
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II.B.3.8.5 Agreement between Two Versions of the Random Reading Charts  
 
Two developed versions of the Random Reading Chart were used (Random EN I and 
Random EN II) to assess the agreement of the reading parameters using two Random 
chart versions. The four parameters measured using each chart were compared within 
the same session and in two different sessions (session 3 and 4). The intra-participant 
comparison was done by mean differences, and statistically evaluated using the 
dependent Student t-test. Intra-individual correlations were also evaluated to evaluate 
the parameter agreement between both charts.  
 
 
II.B.4 Results 
 
 
II.B.4.1 Paragraph Selection 
 
Selection of paragraphs composed of unrelated words was done based on two criteria. 
From the initial 100 and 40 paragraphs in the English and Portuguese study arms 
respectively, 24 and 5 were excluded from each group respectively, because one or 
both criteria were not fulfilled. 
 
Criterion I in both studies, (Figure II.B.4 a and b), constrains reading speed values to 
an interval of ~ ±10 wpm, excluding the slowest and fastest paragraphs. The average 
reading rate for the 100 paragraphs was 198.6 ± 7.09 wpm and for the 40 paragraphs 
was 126.83 ± 4.63 wpm.   
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Figure II.B.5 Comparison of reading speed parameters between the study arms, EN and PT, 
using the two types of reading chart (statistical significance of the difference at the p<0.01 level 
is indicated by †). Error bars indicate one SD. 
 
Comparison of overall reading speed performance (AUC) measured in the English 
study arm was on average (~6%) higher compared with the Portuguese arm, for the 
Original MNREAD versions (t(29)=-4.29, p<0.01) and for the developed random 
versions (t(29)=-3.12, p<0.01). The average MRS measured using the MNREAD EN 
was 217.64 ± 28.81 wpm and for the Portuguese 154.61± 25.34 wpm a significant 
difference (t(29)=-6.32, p<0.01) of 63 wpm that corresponds to approximately one 
second more in the average time. A similar difference is visible when the random 
charts are used 193.18 ± 24.33 wpm (EN) against 132.38 ± 25.12 wpm (PT), (t(29)=-
5.77, p<0.01)   
 
On the other hand the CPS determined for the Portuguese group (0.31 ± 0.10 logMAR) 
tended to be smaller than in the English study (0.46 ± 0.06 logMAR), for the original 
chart (z=-3.67, p<0.01) and for the random versions (z=-3.84, p<0.01), 0.28 ± 0.12 
logMAR (PT) against 0.44 ± 0.09 logMAR (EN). This difference represents slightly 
more than one logMAR unit line.   
 
Reading acuity in either arm of the study was similar when measured with original 
MNREAD charts, -0.10 ± 0.04 logMAR (EN) against -0.10 ± 0.07 logMAR (PT) (z=-
0.44, p<0.676); and when random versions were used, -0.08 ± 0.02 logMAR (EN) 
against -0.09 ± 0.07 logMAR (PT) (z=-1.14, p<0.265). 
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II.B.4.3 Reliability of Reading Speed Performance – MNREAD vs Random 
Reading Charts 
 
Comparison of the reading speed performance, between the original and random 
reading charts can be seen in Figure II.B.6.   
 
The Random Reading Chart produced a subtle decrease in some reading speed 
parameters when compared with those determined using the MNREAD and this effect 
can be observed in both study arms. The major and only statistically significant 
difference was found for the MRS, where in the English cohort MRS decreased ~24 
wpm (F(1)=4.63, p=0.04)) and in the Portuguese decreased ~22 wpm (F(1)=4.32, 
p=0.04). This difference in the MRS affected the AUC calculation introducing a 
decrease of ~2% (EN) and ~3% (PT) in the overall area under the curve, however the 
difference was not statistically significant either in the English (F(1)=2.44, p=0.13) or 
Portuguese (F(1)=2.82, p=0.10) studies. 
 
 
Figure II.B.6 Comparison of reading speed parameters between the MNREAD chart (MN) and 
Random Reading Chart (Rd), for the two cohorts of subjects (statistical significance of the 
difference at the p<0.05 level is indicated by †). Error bars represent one SD. 
 
In both cohorts, CPS and RA with the random chart did not change meaningfully from 
the values obtained with the original chart. The CPS tended to be somewhat smaller by 
(0.02 ± 0.10 logMAR (EN) and 0.03 ± 0.10 logMAR (PT)) with the random charts, 
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although none of these differences were statistically significant (z=-1.51, p=0.15 (EN), 
z=-1.49, p=0.14 (PT)). As far as reading acuity is concerned both types of chart behave 
similarly. The differences between these two charts were 0.02 ± 0.04 logMAR 
(F(1)=2.84, p=0.11) and 0.01 ± 0.06 (z=-0.86, p=0.41) logMAR in the English and 
Portuguese study. 
 
Table II.B.4 presents the results derived from the intra-participant analysis, comparing 
the average of two sessions’ presentation for the MNREAD and the Random Reading 
Chart, in both study arms.  
 
Analysis of the mean difference (MD), for the intra-participant parameters comparison 
showed that the difference between the two types of chart averaged around zero for 
the CPS and RA, with the CI limits being ~0.15 logMAR for the CPS and ~0.10 logMAR 
from the MD.  For the MRS mean difference of both studies clearly indicates a lower 
reading rate when the Random chart versions were used, with participants 
demonstrating different degrees of variability in the English (~60 wpm) and in the 
Portuguese (~36 wpm) studies. The AUC showed a trend towards a higher 
performance with the MNREAD chart with the mean difference being above zero as 
well as approximately one third of the 95% CI, however as seen by the comparison of 
means the difference was not significant. 
 
Table II.B.4 Intra-participant comparison of reading speed parameters for the MNREAD and 
Random Reading Chart. (± one SD)  
 AUC MRS (wpm) CPS (logMAR) RA (logMAR) 
EN 
MD 0.07 ± 0.10 24.35 ± 30.88 0.02 ± 0.10 -0.02 ± 0.04 
95% CI [-0.12; 0.26] [-36.17; 84.88] [-0.17; 0.21] [-0.09; 0.05] 
Correlation (r) 0.596 p=0.053 * 0.236 p=0.484 * 0.227 p=0.503 ** 0.355 p=0.285 ** 
PT 
MD 0.08 ± 0.15 19.65 ± 18.43 0.03 ± 0.10 -0.01 ± 0.06 
95% CI [-0.20; 0.37] [- 16.48; 55.77] [-0.17; 0.23] [-0.13; 0.11] 
Correlation (r) 0.650 p=0.002 * 0.778 p<0.01 * 0.580 p=0.007 ** 0.902 p<0.01 ** 
MD= MNREAD parameter – Random parameter, * Pearson Correlation, ** Spearman Correlation 
 
High correlations between reading speed rates using the two types of chart would have 
made possible the extrapolation of the reading speed parameters for one chart based 
on measured data obtained with the other type of chart. Data from both study arms 
revealed two different outcomes. The Portuguese study arm showed high correlation 
levels between the two types of chart. In the English study only the AUC seemed to 
predict a relation between the MNREAD and Random chart values, indicating that 
observers did not necessarily behave similarly when the different charts are applied.     
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II.B.4.4 Repeatability of MNREAD and Random Reading Chart   
 
 
Repeatability analysis for the different reading speed parameters is presented in Figure 
II.B.7 where the y-axis scale in the different plots represents the difference between the 
first and second day of measurement.   
 
Mean intersession differences for the different parameters indicate that in general 
parameters’ values were not different for the two sessions, despite the fact that the 
mean difference was skewed towards higher performances on the second day. The 
differences were more pronounced for the MNREAD charts than for the random charts. 
For the random charts none of the parameters were different between the two days, 
(Table II.B.5). In the English study arm, AUC (t(10)=-2.619, p=0.026) and CPS 
(t(10)=2.353 p=0.040), for the MNREAD charts, were the parameters differing 
significantly between the two days. In the Portuguese arm, the same was found AUC 
(t(19)=-2.265, p=0.035) and MRS (t(19)=-2.927 p=0.009). 
 
 
Figure II.B.7 Repeatability of the different reading speed parameters measured in two different 
sessions expressed as a difference measure. The upper and lower box limits indicate the limits 
for the 2nd and 3rd quartiles, the vertical error bars indicate the 99% CI, the horizontal line within 
the box indicates the median, the circles inside the box represent the mean value and the 
circles outside the box are outliers. 
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In the English study arm (black boxes in Figure II.B.7), coefficients of repeatability (CR) 
for a 95% CI of the AUC were 0.150 for the MNREAD EN and 0.176 for the Random 
EN I, representing 4.76% and 5.71% of the mean AUC of the two days, for the 
MNREAD and Random EN respectively. The maximum reading speed had a slightly 
higher CR for the MNREAD (37.249 wpm) compared to 29.276 wpm for the random 
chart. Both charts had CR for the CPS near 0.15 logMAR units, 0.156 logMAR and 
0.139 logMAR for the MNREAD and Random chart, respectively. Reading acuity 
showed CR near to 0.1 logMAR units for both charts, 0.086 logMAR and 0.093 logMAR 
for the MNREAD and Random chart.   
 
For the Portuguese study (grey boxes in Figure II.B.7), the CR for the AUC determined 
using the MNREAD PT was 0.178 and 0.229 when the Random version was used. This 
represented 5.98% and 7.91% of the mean AUC for the two sessions, for the MNREAD 
and Random PT. Maximum reading speed showed a superior CR for the MNREAD 
chart (21.601 wpm) compared with the developed version (39.091 wpm). As for the 
English charts, the CR for the CPS (0.167 logMAR (MNREAD PT) and 0.122 logMAR 
(random PT I)) and RA (0.069 logMAR (MNREAD PT) and 0.020 logMAR (random PT 
I)) were close to 0.15 logMAR and 0.10 logMAR units, respectively. 
 
 
Table II.B.5 Intra-participant correlation between the two testing days for the English and 
Portuguese cohort. 
 AUC MRS (wpm) CPS (logMAR) RA (logMAR) 
MNREAD     
EN Difference 
t(10)=-2.619 
p=0.026 
t(10)=-0.651 
p=0.530 
t(10)=2.353 
p=0.040 
t(10)=0.891 
p=0.394 
Correlation (r) 0.805 p=0.003 0.849 p=0.001 0.452 p=0.163 0.498 p=0.119 
PT Difference 
t(19)=-2.265 
p=0.035 
t(19)=-2.927 
p=0.009 
t(19)=1.199 
p=0.245 
z=-0.757 
p=0.449 
Correlation (r) 0.729 p<0.01 0.910 p<0.01 0.685 p<0.01 0.878 p<0.01 
Random Chart     
EN Difference 
t(7)=-2.071 
p=0.077 
t(7)=-1.063 
p=0.323 
z=-1.820 
p=0.069 
t(7)=0.928 
p=0.384 
Correlation (r) 0.734 p=0.038 0.804 p=0.016 0.796 p=0.018 0.084 p=0.843 
PT Difference 
t(19)=0.128 
p=0.900 
z=-0.747 
p=0.455 
z=-0.336 
p=0.737 
t(19)=0.524 
p=0.607 
Correlation (r) 0.854 p<0.01 0.618 p=0.004 0.917 p<0.01 0.995 p<0.01 
 
 
Intra-participant correlation, Table II.B.5, between the two testing days indicates a 
strong correlation for the values determined in the two sessions in the Portuguese 
group. Correlations obtained in the English study did not show such a clear relationship 
between the reading parameters. In this case strong correlations were obtained for the 
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AUC and MRS using the MNREAD and Random chart versions and CPS using the 
Random version. Reading acuity in both studies showed poor agreement between 
sessions, a feature most likely to have been limited by the similar visual acuities in the 
selected study populations where differences between individuals were smaller than 
differences between tests and retests.    
 
 
 II.B.4.5 Agreement between Two Versions of the Random Reading Charts  
 
Two versions of the random charts (Random EN I and Random EN II) were both tested 
in the same session, and repeated in two different sessions. Figure II.B.8 shows the 
parameter difference between Random EN I and EN II (y-axis), as measured in session 
3 and 4.  
 
Figure II.B.8 Difference between reading parameters measured using Random chart 1 (EN) 
and Random Chart II (EN). The procedure was repeated in two sessions (3 and 4). 
 
The different parameter differences average in general around zero, with only RA 
tested in session 3 being statistically significant between the two charts (t(10)=2.491 
p=0.032). Moreover the mean difference values and the CI for any of the four 
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parameters are considerably below the degree of variability obtained for the 
intersession repeatability for the same chart.  
 
Intra-session correlations between both charts (Random EN I vs EN II) showed high 
agreement for the reading parameters, especially for AUC, MRS, and TPS. As far as 
reading acuity was concerned two different levels of correlation were obtained (r=0.818 
p=0.002) in session 3 and (r=0.157 p=0.711) on day two. Once again, the limited range 
of acuity values in the study population may have resulted in such opportunistic 
findings. 
   
Table II.B.6 Intra-participant correlation between the two Random charts presented in the same 
session, only for the EN cohort. 
 AUC MRS (wpm) TPS (logMAR) RA (logMAR) 
Session 3     
EN 
Difference t(10)=-1.053 
p=0.317 
t(10)=0.492 
p=0.633 
t(10)=0.475 
p=0.645 
t(10)=2.491 
p=0.032 
Correlation (r) 0.882 p<0.01 0.748 p=0.008 0.737 p=0.010 0.818 p=0.002 
 CR 0.063 32.650 0.200 0.063 
Session 4     
EN 
Difference t(7)=-1.674 
p=0.144 
t(7)=1.086 
p=0.314 
t(7)=0.902 
p=0.397 
t(7)=1.270 
p=0.245 
Correlation (r) 0.910 p=0.002 0.931 p=0.001 0.787 p=0.021 0.157 p=0.711 
 CR 0.105 16.870 0.110 0.090 
 
 
II.B.5 Discussion 
 
This chapter describes the construction of a reading speed tool based on the structural 
characteristics of the MNREAD chart. In both study arms the initial random generation 
of paragraphs, 100 in the EN arm and 40 in the PT arm, showed that all the paragraphs 
produced performances within ±20 wpm (EN) and ±10 wpm (PT) of the mean reading 
rate for total initial set of paragraphs and considerably lower (± 49 wpm) than the one 
reported in an adult population (n=20) using Portuguese MNREAD paragraphs (Castro 
et al., 2005).  This finding may indicate that reading rates measured using paragraphs 
with random word arrangement are less variable than reading rates measured with 
paragraphs composed of related words. Therefore, paragraph validation is more critical 
for related than random word paragraphs.  
 
Reading performance assessment in two separate cohorts demonstrated that reading 
charts constructed with unrelated words (Random chart) were as effective as the 
Chapter II.B Reading Chart 
 
88 
 
original MNREAD charts in characterising the reading performance. As expected, using 
unrelated words in paragraphs reduced the MRS in normally sighted individuals by 
between 10% (PT) and 15% (EN) compared with the MRS measured using the 
MNREAD chart. Legge et al (1989a) reported a difference of 30% between random 
word and related word paragraphs in low vision subjects. Despite the reduction in MRS 
for the Random charts, none of the remaining three parameters (AUC, CPS and RA) 
were statistically affected by the word arrangement, yet they showed consistent 
differences relative to the MNREAD chart. The AUC was lower in relation to the 
reading performance achieved with the MNREAD chart, mainly due to the decrease in 
MRS. The mean CPS measured with the Random versions was lower (0.02 logMAR 
(EN), 0.03 logMAR (PT)) indicating that faster reading rates for text with related words 
were affected earlier than unrelated word text. This may have been related to the 
inability of the reader to identify sufficient information from earlier sets of words read at 
speed that after integration would accelerate the reading performance. For unrelated 
word paragraphs the word identification had to be done word by word and reading rate 
was more affected for characters close to the resolution limit. The higher RA observed 
for the MNREAD charts was explained by the capacity of the reader to integrate 
isolated characters and word shapes over as long a time period as necessary, using 
the information to guess the overall paragraph context. By removing the time constraint 
(RA is effectively unconstrained by time), the word set information integration and noise 
reduction process can still occur. 
 
Using different techniques to measure the reading time, voice recording (EN) or 
stopwatch (PT) produced changes in the reading curve dimensions as well as in its 
shape. Assuming that both cohorts had similar reading abilities, the differences in 
reading performance between the two cohorts were likely to be due to two factors: one 
the technique used to measure the reading time and two a potential difference in 
reading behaviour dependent on the language used. The possibility of differences in 
reading rate associated with the language has been demonstrated in different 
languages (Hahn et al., 2006, Messias et al., 2008). In the present study, the English 
cohort read about 30% faster than the Portuguese group with either chart type. 
Messias et al (2008) compared the reading rates between different languages and 
found a 10% higher reading rate for English readers compared to Portuguese. So, the 
remaining 20% difference can be attributed to differences in reading time 
measurement, contributing to the increase in MRS. The CPS was also significantly 
higher in the English study, which may be associated with an increased precision 
obtained with the voice recoding method, which enabled the detection of smaller 
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variations in reading time than when the stopwatch method was used.  The average 
MRS was 217.6 wpm and 154.6 wpm in the English and Portuguese cohort 
respectively using the MNREAD. The MRS in the English cohort was similar to the 
reported in previous studies ~210 wpm (Subramanian and Pardhan, 2006), but using a 
stopwatch to measure the reading time, after hearing the word “start”. Using a 
stopwatch Castro et al. (2005) reported a MRS of 200.1 wpm in a adult population 
which is considerably higher than the value found in the Portuguese study arm.  The 
CPS found in both study arms were also larger, 0.45 logMAR (EN) and 0.31 logMAR, 
than the CPS of 0.04 logMAR reported in previous studies (Subramanian and Pardhan, 
2006). The present study determined the CPS from the point in the fitted reading speed 
curve that yield 99% of the MRS which is the print size closest to the smallest print that 
produces the MRS. The method adopted by Subramanian and Pardhan identified the 
print size based on the “criteria that all the following sentences (in relation to the print 
size) were read at a speed that was 1.96 times the standard deviation below the 
average of the largest preceding sentences”. Therefore the differences in the CPS 
were most probably related with the method used for defining it. The RA values near -
0.10 logMAR were similar to previously reported values (Subramanian and Pardhan, 
2006). 
 
The inter-chart and intra-participant correlations (MNREAD vs Random chart), (Table 
II.B.4) obtained in the two study arms show substantial differences in the readers’ 
performance. In the English study arm there was a weak (MRS, CPS and RA) or 
moderate (AUC) correlation between the parameters of the two charts, contrasting with 
the strong correlations in the Portuguese arm. This difference may have been caused 
by differences in study design. In the English study the MNREAD and Random charts 
were all presented in different sessions (4 sessions), (Figure II.B.1); in the Portuguese 
arm only two sessions were used for the presentation, with the two chart types being 
presented in the same session, which may have strengthened the relationship between 
them. Indeed what may be concluded from these correlation level differences is that 
the two chart types show a good intra-session correlation (AUC r=0.650; MRS r=0.778; 
CPS=0.580; RA=0.902) but poor inter-session correlation (AUC r=0.596; MRS r=0.236; 
CPS=0.227; RA=0.335). The inter-chart correlations in the EN study may have been 
attenuated by the mixed effects of group reading variability and inter-session variability. 
With increasing group variability, as would happen in the presence of optical 
degradation, the correlation levels would be enhanced.    
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Inter-session differences between same charts showed marginally higher performance 
in the second session for the AUC, MRS and CPS parameters. This learning effect was 
10 wpm for the MRS and 0.05 logMAR for the CPS with readers behaving similarly for 
both chart types.  The inter-session analyses showed higher levels of correlation 
between the two testing days, however RA for the English study arm was poorly 
correlated between the two testing days, especially for the Random charts. This 
difference could be related to the application of the termination criteria and operator’s 
error identification used in each study arm. The inter-session coefficients of 
repeatability for the two study arms can be summarised as being 30 wpm for the MRS, 
0.15 logMAR for CPS and 0.10 logMAR for the RA, and were comparable between the 
two chart types. Subramanian and Pardhan (2006), using the English MNREAD chart 
(two versions with different paragraphs) for an intra-session design, reported 
coefficients of repeatability of  8.6 wpm for MRS, 0.12 logMAR for CPS and 0.05 
logMAR for RA. Virgili et al. (2004) evaluated the repeatability of the Italian version of 
the MNREAD chart using a similar protocol to Subramanian and Pardhan (2006) but in 
a paediatric population, and reported similar levels of repeatability to the ones obtained 
in the present study for MRS (0.077 logWPM), CPS (0.193 logMAR) and RA (0.136 
logMAR). 
 
Intra-session correlation between two different versions of the Random chart (EN study 
arm) showed good agreement between the two versions of the chart. Still the RA was a 
parameter prone to some degree of variability. The majority of the intra-session 
coefficients of repeatability for different Random charts were lower when compared 
with the inter-session coefficients of repeatability for the same Random or MNREAD 
chart. This supports the idea that intra-session evaluation of reading performance using 
various Random charts is as or more repeatable than measuring reading performance 
with the MNREAD chart in different sessions.  
 
In conclusion, reading charts based on the MNREAD characteristics are efficient and 
repeatable tools to evaluate reading performance, providing reading parameters that 
can be compared with the original MNREAD charts, but only if we know the nature of 
the paragraphs being used. The comparison between two separate studies with 
different methodologies suggests that reading performance characterisation depends 
on the time measuring technique, and reporting the technique used is important. Finally 
the paragraph selection criteria show that random generation of paragraphs using a 
bank of words extracted from low grade reading material creates paragraphs with 
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reading rates comprised within a very narrow interval suggesting that can be used in 
different combinations without any prior validation. 
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Chapter II 
 
II.C. Contrast Sensitivity   
 
II.C.1 Aim  
 
The aim of this section was to develop a computer based procedure to measure 
changes in contrast sensitivity induced by modification of the refractive status of the 
eye, i.e. in the presence of spherical and astigmatic defocus. A small experimental 
procedure aiming to analyse the repeatability of the procedure was undertaken.  
 
II.C.2 Introduction 
 
Spatial contrast sensitivity, determined by threshold detection of spatially sinusoidally 
modulated luminance gratings and based on standard psychophysical methods, has 
become a common indicator of the human visual system’s ability to process spatial 
information (Norton et al., 2002). The contrast sensitivity function (CSF) relates the 
variation of the reciprocal of the contrast threshold (Michelson contrast), defined as the 
contrast sensitivity (CS measured in dB) to a particular stimulus, to the spatial 
frequency (SF) of the stimulus in cycles per degree (cpd).  
 
Sinusoidal gratings used in CS measurements are visual stimuli with a luminance 
pattern defined by a sine-wave function. These functions, when applied to the eye, 
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have the useful feature of gradually changing the luminance profile across the retina, 
whilst maintaining the mean luminance of the stimulus constant, as long as the 0 phase 
point of the sine-wave is in the centre of the stimulus. This is achieved by varying the 
relative luminance of the grating, by increasing or decreasing the difference in 
luminance between the dark and white bars. The relative salience of the stimulus can 
therefore be described in terms of Michelson contrast () (Michelson, 1927), Equation 
II.C.1, 
 
ܥெ ൌ
ܮெ௔௫ െ ܮெ௜௡
ܮெ௔௫ ൅ ܮெ௜௡ Equation II.C.1 
 
where  and  are the maximum and minimum luminance of the grating. 
 
The application of sinusoidal gratings has several advantages in CS assessment 
(Enroth-Cugell and Robson, 1984). Among the most important is the fact that any 
arbitrarily complex stimulus pattern can be considered as the sum of a group of 
independent sine-wave gratings of various spatial frequencies, orientations, phases 
and contrasts, as described by Fourier Theory (Campbell and Robson, 1968a). 
Moreover, sinusoidal gratings are spatially characterised by a single value, spatial 
frequency, which allows the characterisation of the response for a particular feature of 
a complex stimulus composed of several spatial frequencies (Campbell and Robson, 
1968b). A second important condition concerns the linearity of the optical visual 
system, meaning that the image of a sine-wave grating formed by the eye’s optical 
system is always another sine-wave grating. A third advantage of sine-wave gratings is 
versatility; they can be changed in terms of contrast, orientation, phase and spatial 
frequency without affecting the state of light adaptation of the visual system. This is 
achieved by maintaining a constant mean luminance (De Valois et al., 1974). 
 
The CSF evaluated psychophysically in foveal vision shows a bandpass shape with a 
peak sensitivity between 3 to 6 cpd (Schade, 1956). At low-medium spatial frequencies 
the sensitivity increases moderately until it reaches a peak, where it starts to fall 
linearly as the spatial frequency increases. It is generally accepted that the CSF has 
three main limiting factors: the optics of the eye (Williams, 1985), the retinal mosaic 
(Curcio et al., 1987);  and post-receptoral neural factors (Curcio et al., 1990).     
 
The decrease in CSF due to defocus is greater for high than low spatial frequencies 
(Charman, 1979, Nio et al., 2000), but the decrease is attenuated for small pupil sizes 
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(Kay and Morrison, 1987, Nio et al., 2000). While CSF determined in focus decreases 
monotonically as SF increases, the CSF measured out-of-focus shows small notches 
caused by the irregular distribution of light intensity induced by a change in the 
aberration pattern (Woods et al., 1996). The effect of defocus on the CSF has also 
been found to decrease with age. This can be observed by the lower difference 
between the decreased CSF curve in focus and the decrease in high spatial 
frequencies with defocus (Nio et al., 2000). The reduction in optimal focus contrast 
sensitivity function in older eyes, possibly associated with the decrease in retinal 
illumination characteristic of the aged eye (Owsley et al., 1983), shortens the difference 
from the CS curve in the presence of defocus, most probably because media opacities 
attenuate the effect of defocus  by reducing CS. 
 
By bypassing the eye’s optics, the highest spatial frequency at which resolution was 
maintained was found to be between 60 and 70 cpd (Williams, 1985), which 
corresponds to the limit imposed by the spacing between photoreceptors in the centre 
of the fovea. For normal viewing conditions, and in the absence of defocus, this SF cut-
off decreases up to ~30 cpd, indicating that the optics of the eye have an important 
effect in modulating CSF at high spatial frequencies.  
 
II.C.3 Technical Development       
 
II.C.3.1 Monitor Calibration 
 
Stimuli were presented on a laptop monitor (Laptop: Acer Aspire 2920, 2.00Ghz) 
(monitor: Generic PnP Monitor with spatial resolution 1280u 800 pixels at 60Hz). 
Monitor contrast and brightness were initially defined at arbitrary values of 0% and 50% 
respectively, in each of the three colour channels (RGB) in the computer graphics 
properties menu. The non-linearity of the video-monitor card system was controlled by 
measuring the luminance (Minolta CS 100 Photometer, Osaka, Japan) of a 250 u 250 
pixels square, presented on the central part of the monitor, by varying the DAC voltage 
(0 to 255).  
 
A restriction existed between look-up tables (LUT) available in the stimulus generator 
program (Matlab™ student version 2008b; Mathworks INC) and the computer Windows 
operating system. The operating system used a technique to perform linearisation 
directly in the graphics subsystem which meant that when the LUT was up-loaded the 
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Table II.C.1, shows the parameters used to linearise the relationship between the 
monitor luminance and the graphic card output.  
 
Table II.C.1 Graphics card-monitor linearisation parameters. 
Channel Graphics 
Properties 
LMin D J 
Red 2.5 0.20 0.1106 1.0792 
Green 1.9 0.20 0.2774 1.0906 
Blue 1.9 0.20 0.0618 1.1374 
 
 
II.C.3.2 Contrast Sensitivity Procedure 
 
A special-purpose algorithm (Psychophysics Toolbox 3 - Matlab®) was written to work 
as a tool for contrast threshold determination. The routine was based on the 
presentation of sinusoidal gratings using two methods, a short one for quick threshold 
estimation and a longer one for more accurate determination of the real threshold. 
Metrics of the system were defined for 3.0 m viewing distance. 
 
II.C.3.3 Psychophysical Method  
 
Both psychophysical methods applied were based on up-down staircase techniques. 
Usually these techniques begin at an intensity level above threshold, leading the 
observer to give positive responses and the stimulus contrast is then reduced at each 
step. When the observer is not able to detect the stimulus anymore a negative 
response occurs. This point, called a reversal point, changes the direction of the 
stimulus level until a new reversal point is reached. The procedure targets the stimulus 
level for which the probability of a correct response equals the probability of an 
incorrect one.  
  
Initial threshold estimation was done using a unique central stimulus with stimulus 
contrast controlled by a 4-2 staircase. The stimulus was presented starting from a 
suprathreshold position and the observer decreased the stimulus intensity in 4 dB 
steps until the pattern was no longer visible. The first negative response was defined 
as the first reversal and the intensity was then increased in 2 dB steps until the pattern 
was seen again, defining the second reversal point. Threshold estimation was 
calculated by averaging the two reversal points.   
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The initial threshold value was increased randomly by 4 to 8 dB to act as the new 
starting point. A second method was based on the same staircase procedure, but was 
now associated with a 4-spatial alternative forced choice (4-sAFC) task. This was done 
to obtain a more accurate estimation of contrast threshold. The 4-sAFC method forced 
the observer to detect the stimulus in one of the four windows drawn on the monitor. A 
correct response occurred when the chosen window was coincident with the position of 
the stimulus. For a stimulus intensity above threshold, when the observer was not able 
to see it, the probability of guessing a correct response was 25%, making the 4-sAFC a 
test with increased reliability to threshold estimation in naive subjects (Jakel and 
Wichmann, 2006). Stimulus contrast was guided by a staircase procedure similar to the 
one used previously but with 4 reversal points, 4-2-2-2, and threshold estimation was 
determined by the average of the final three reversal points.     
 
 
 
Figure II.C.2 Contrast sensitivity display for the first procedure, simple staircase and for the 4-
sAFC. 
 
 
II.C.3.4 Stimulus 
 
The algorithm allowed the generation of sinusoidal gratings, varying in luminance but 
almost constant in chromaticity (see later), of different orientations and spatial 
frequencies. The spatial properties of the stimulus were limited by the size of the 
screen, the observing distance and the pixel size. For the present set of experiments, 
the monitor (pixel size = 0.205 mm and resolution of 1280 u 800 pixels) was placed at 
3.0 metres from the observer, subtending a viewing angle of 5.00 degrees (h) by 3.13 
degrees (v). The stimuli were constructed using a mesh grid of 250 u 250 pixels, 
corresponding to 1.0 degree of visual angle horizontally and vertically. The meshgrid 
was modulated by a sine-wave function, with 12 cpd spatial frequency (a21 pixels per 
cycle). The sinusoidal grating was vignetted by a Gabor function with standard 
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deviation equal to 1 cycle (0.08 degrees), ramping the stimulus down to zero contrast. 
The contrast sensitivity in dB was defined as ൌ Ǧ ʹͲ ሺሻ. The stimulus was 
presented in counter-phase for alternate presentations. 
 
The luminance reproducibility of the stimuli was obtained using a dynamic look-up table 
(LUT), based on monitor calibration values (Table II.C.1). The luminance required for 
each DAC entry was calculated assuming equal DAC inputs from the R and G 
channels and a residual DAC input from B channel. This procedure allowed advantage 
to be taken of the lower luminance variation of the blue channel to control the overall 
luminance level much more accurately. The luminance contrast at detection threshold 
for the stimulus was low enough that the chromatic contrast of the stimulus would have 
been far below any perceivable threshold. Indeed, even at contrast well above 
detection threshold the chromatic variation of the stimulus was very limited but the 
luminance contrast was truncated to 94% to avoid perceptible variation in the 
chromaticity of the stimuli. 
 
For the yes-no task, the stimuli were presented in the centre of the screen with a mean 
luminance equal to 98 cd.m-2. The square region of stimulus presentation (a1 degree 
slightly higher than the stimulus area) was demarcated in the corners by lines of 40 
pixels (constant 50% contrast with background). For the 4-spatial AFC the four regions 
of stimuli presentation located up, down, right and left of the centre of the screen were 
also marked with similar lines. The centre of the right and left squares were shifted 1 
degree to either side of the screen centre and the centre of the superior and inferior 
squares were shifted 0.63 degrees.    
 
 
II.C.3.5 Observers Instructions 
 
The observers sat 3.0 metres in front of the laptop monitor, in a room with dim ambient 
illumination. For the initial threshold estimation the observers were asked to say if they 
were able to see the stimulus by answering yes or no. The operator near the keyboard 
pressed the keys according to the participant’s response. 
 
For the 4-sAFC the observer had to determine the position of the stimulus, by 
responding up, down, right or left and the operator pressed the keyboard arrows 
according to the response. When stimulus intensity was below threshold and the 
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observer was not able to identify the correct position, he/she was asked to choose one 
at random. 
 
II.C.4 Test-Retest Repeatability  
 
II.C.4.1 Inclusion Criteria 
 
Nine observers were enrolled in the study, four males and five females with mean age 
28.2 ± 4.4 (range: [20-36] y/o). All observers were corrected with the distance refraction 
(mean spherical equivalent (SE) -1.51 ± 1.91 D) with best corrected VA ≥ 6/6. None of 
them presented with any ocular pathology. Contrast sensitivity evaluation was 
undertaken monocularly using the right eye. The majority of the observers (7) were 
naive to contrast sensitivity measurements in this form.        
 
 
II.C.4.2 Methods 
 
Test-retest analysis was performed in one single session, where the participants ran 
two similar procedures with an approximately one hour interval between them. Contrast 
sensitivity results obtained using the 4-sAFC procedure were the main outcomes. 
Participants followed the instructions described in section II.C.3.5. 
 
 
II.C.4.3 Results and Discussion  
 
Mean CS for the nine subjects in the first and second sessions was 36.94 ± 2.16 dB 
and 35.78 ± 2.16 dB (t-test p=0.318), respectively. Comparison of these two CS 
measures (average = 1.82 log units) with CS values published using a similar 
technique on a similar group elsewhere (1.95 log units) (Nio et al., 2000) showed that 
the values obtained for the present population were lower. If a 6 mm pupil was 
considered as the mean pupil diameter for the group of nine observers, considering 
that the room was dimly illuminated, then the mean retinal illuminance in the present 
experiment would have been approximately 1231 Td. For such high retinal illuminance 
levels in the present study and in the previous study (600 Td), it is not likely that the 
detection limit would be influenced by the luminance level (van Nes et al., 1967). 
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Chapter II 
 
II.D Corneal Topography  
 
 
II.D.1 Aim 
 
This chapter describes the general principles of corneal topography and the 
methodology used to measure the anterior surface of the cornea in a population of 
pseudophakic subjects. It also illustrates the theoretical principles involved in corneal 
surface description using Zernike polynomials and the methods to determine the 
corneal multifocality.  
 
 
II.D.2 Introduction  
 
Nearly two thirds of the refractive power of the eye originates at the air-tear film 
interface covering the anterior corneal surface. The distribution of the tear film on the 
corneal surface is considered to be dependent on the anterior corneal surface shape, 
therefore the change in vergence when a ray of light intersects the air-tear film 
interface is governed by the anterior corneal surface (Borish, 2006). Most ocular 
astigmatism comes from the meridional curvature differences in the cornea, therefore 
knowing the anterior corneal astigmatism provides a good approximation of the overall 
ocular astigmatism (Remon et al., 2009). Like astigmatism, other more complex ocular 
aberrations will contribute to the retinal image quality and to visual performance 
(Hayashi et al., 2008). Characterising the corneal shape is an effective means to 
determine the corneal contribution to the overall optical performance of the eye. This is 
usually done using a corneal topographer. 
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II.D.2.1 Fundaments of Corneal Topography 
 
One of the most common techniques to describe the corneal curvature projects 
concentric illuminated rings onto the corneal surface. This Placido disc based 
technique uses analysis of the size and shape of the pattern of the reflected rings to 
infer the local corneal slopes at different positions. The data used to reconstruct the 
corneal surface comes from the image of the concentric rings. Each point of the 
reflected ring is specified by its meridian and by its distance to the centre of the rings. 
The objective of the topographer is to calculate the location in a three dimensional 
space of the corneal points that give rise to the image (Borish, 2006).      
 
Corneal topographies were performed using a Placido disc topographer (Atlas 9000, 
Carl Zeiss Meditec, Jena, Germany), which projects a series of 22 concentric infrared 
(950 nm) light rings on the cornea. The image of the reflected rings is then captured 
with a digital camera (Digital CMOS camera with 1280x1024 pixels). The ATLAS 
system posses a particular ring system, called Cone-of-FocusTM, where the 10th inner 
ring is anteriorly displaced in relation to the immediately adjacent rings. This system is 
based on the assumption that the differential change in image size of a ring with 
change in axial distance from the cornea is larger if the ring is closer to the cornea. 
This differential change in image size in turn allows the position of the cornea with 
respect to the instrument to be located in an absolute sense on at least one point. 
Knowing the position of the cornea in relation to the instrument, a triangulation method 
between the instrument cone’s centre, corneal surface and Placido ring is used to 
determine the location and distance of the ring to the cornea. The centre positions of 
the ring images captured are found and used to find the corneal centre. The ring 
position data is determined for different meridians spaced by 2º and the information is 
used to reconstruct each meridian using an iterative arc step algorithm (Campbell, 
1997).  
 
The ATLAS system has a curvature measurement range between 15 to 95D, a 
curvature accuracy and precision of ± 0.05D and ± 0.10D respectively. Jeandervin & 
Barr (1998) compared the repeatability and accuracy of four videokeratographs  (Alcon 
EyeMap EH-290, EyeSys System 2000, Humphrey Mastervue, Humphrey Atlas) and a 
manual keratometer (Marco manual Keratometer). Despite the different alignment 
mechanisms, testing distances and camera systems, the repeatability analyses 
showed a similar performance between the Humphrey Atlas and Humphrey Mastervue 
[95% CI ~±0.50D], but these systems where slightly less repeatable than the EyeSys 
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Another way to define the corneal radius of curvature at any point is based on the 
description of the corneal shape. The analysis software used in the Atlas determines 
the surface curvature at a specific location on a continuous surface using measured 
and reconstructed data. The procedure fits the position and slope data for an entire 
meridian to a higher order polynomial, using the least square method. The curvature at 
a particular point is given by the second derivative of the polynomial (Campbell, 1997). 
The tangential power is given by 
 
்ܲ௔௡௚௘௡௧௜௔௟ ൌ ͵͵͹Ǥͷ ൈ
݀ଶݕ
݀ݔଶ
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ଶ
ቇ
ଷ
 
Equation II.D.2 
 
Elevation maps are another form of representing the corneal curvature using the 
relative surface elevation at each data point to determine the best sphere, fitted using 
least square method. The differences (in micrometers) from each datum point to the 
determined reference sphere represent the elevation map.  
 
 
II.D.2.3 Corneal Aberrations 
 
A detailed description of the corneal surface optical quality can be obtained based on 
the general shape of the corneal surface and then adding in the fine height variations 
from this general shape contained in the measured surface. Based on corneal 
elevation maps the general shape of the cornea can be described by a reference 
surface which describes the regular shape of the surface accounting for the great 
majority of its curvature, asphericity and astigmatism. The reference surface is however 
an estimated best fit curve through a series of data points, the difference in height 
between the true data points and the reference surface will be composed of corneal 
irregularities and measurement noise.  
 
An approach to describe these irregularities is to decompose the surface irregularities 
into an additive series of simple “basis” surfaces with progressively increasing levels of 
detail. The contribution of each of the basis surfaces to the overall shape of the 
measured surface is indicated by the weight that needs to be applied to that basis 
surface so that the sum of the basis surfaces best matches the measured surface. 
Schwiegerling & Greivenkamp (1997) proposed a method to perform the description of 
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Where ܴ௡௠ሺߩሻ 
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 Equation II.D.5 
 
and  represents the radial polynomial order and  indicates the azimuthal frequency 
of the polynomial, as illustrated in Figure II.D.3. 
 
 
Figure II.D.3 Zernike expansion representation up to 4th order. 
 
One of the important properties of the Zernike polynomials is the presence of 
orthogonality between Zernike functions which is given by the inner product of the 
functions on a unitary area A 
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Equation II.D.6 
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Where ߜ௡ǡ௠ǡ௡ᇲǡ௠ᇲ is the delta of Kronecher 
 
ߜ௡ǡ௠ǡ௡ᇲǡ௠ᇲ ൌ ቄͳ݊ ൌ ݊
ᇱ݉ ൌ ݉ᇱ
Ͳ݊ ് ݊ᇱ݉ ് ݉ᇱ  Equation II.D.7 
 
This property indicates that each Zernike function is independent of the fellow 
functions. This allows straightforward calculation of the weighting coefficient for each 
Zernike function in a measured surface and allows any combination of Zernike terms to 
be used with (in theory, at least) the same value for a particular term being recovered 
for a given measured surface regardless of the set of terms chosen to analyse the 
surface. 
 
For a measured elevation surface defined in polar coordinates ሺɏǡɅሻ, the weight of 
each Zernike polynomial ܥ௡௠, known as the Zernike coefficient, is given by,  
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 Equation II.D.8 
 
 
 
Table II.D.2 Zernike expansion up to 6th order. Graphical representation up to j=14 is shown in 
Figure II.D.3. 
Number 
j 
Radial 
Order n 
Frequency 
m 
Polar representation 
Zernike Polynomials 
Designation 
0 0 0 ͳ Piston 
1 1 -1 ʹUሺTሻ Tilt about y-axis 
2 1 1 ʹUሺTሻ Tilt about x-axis 
3 2 -2 ͸ͳȀʹUʹሺʹTሻ Astigmatism (axis 45º and 135º) 
4 2 0 ͵ͳȀʹሺʹUʹǦͳሻ Spherical defocus 
5 2 2 ͸ͳȀʹUʹሺʹTሻ Astigmatism (axis 180º and 90º) 
6 3 -3 ͺͳȀʹU͵ሺ͵Tሻ Trefoil base on y-axis 
7 3 -1 ͺͳȀʹሺ͵U͵ǦʹUሻሺTሻ Primary coma along x-axis 
8 3 1 ͺͳȀʹሺ͵U͵ǦʹUሻሺTሻ Primary coma along y-axis 
9 3 3 ͺͳȀʹU͵ሺ͵Tሻ Trefoil base on x-axis 
10 4 -4 ͳͲͳȀʹUͶሺͶTሻ Quatrefoil  
11 4 -2 ͳͲͳȀʹሺͶUͶǦ͵UʹሻሺʹTሻ Secondary astigmatism 
12 4 0 ͷͳȀʹሺ͸UͶǦ͸Uʹ൅ͳሻ Primary spherical aberration 
13 4 2 ͳͲͳȀʹሺͶUͶǦ͵UʹሻሺʹTሻ Secondary astigmatism 
14 4 4 ͳͲͳȀʹUͶሺͶTሻ Quatrefoil 
15 5 -5 ͳʹͳȀʹUͷሺͷTሻ Pentafoil base on y-axis 
16 5 -3 ͳʹͳȀʹሺͷUͷǦͶU͵ሻሺ͵Tሻ Secondary trefoil on y-axis 
17 5 -1 ͳʹͳȀʹሺͳͲUͷǦͳʹU͵൅͵UሻሺTሻ Secondary Vertical Coma 
18 5 1 ͳʹͳȀʹሺͳͲUͷǦͳʹU͵൅͵UሻሺTሻ Secondary Horizontal Coma 
19 5 3 ͳʹͳȀʹሺͷUͷǦͶU͵ሻሺ͵Tሻ Secondary trefoil on x-axis 
20 5 5 ͳʹͳȀʹUͷሺͷTሻ Pentafoil base on x-axis 
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Number 
j 
Radial 
Order n 
Frequency 
m 
Polar representation 
Zernike Polynomials
Designation 
21 6 -6 ͳͶͳȀʹU͸ሺ͸Tሻ Hexafoil  
22 6 -4 ͳͶͳȀʹሺ͸U͸ǦͷUͶሻሺͶTሻ Secondary tetrafoil on y-axis 
23 6 -2 ͳͶͳȀʹሺͳͷU͸ǦʹͲUͶ൅͸UʹሻሺʹTሻ Quatenary Astigmatism on y-axis 
24 6 0 ͹ͳȀʹሺʹͲU͸Ǧ͵ͲUͶ൅ͳʹUʹǦͳሻ Secondary Spherical Aberration 
25 6 2 ͳͶͳȀʹሺͳͷU͸ǦʹͲUͶ൅͸UʹሻሺʹTሻ Quatenary Astigmatism on x-axis 
26 6 4 ͳͶͳȀʹሺ͸U͸ǦͷUͶሻሺͶTሻ Secondary tetrafoil on x-axis 
27 6 6 ͳͶͳȀʹU͸ሺ͸Tሻ Hexafoil 
 
The final corneal surface description is the sum of all Zernike terms used to describe 
the surface, 
 
஼ܹ௢௥௡௘௔௟ ൌ ෍ ෍ ܥ௡௠ܼ௡௠
௠ୀേ௡
௠ୀ଴
௡
௡ୀଵ
 Equation II.D.9 
 
 
II.D.2.4 Root Mean Square Error 
 
The root-mean-square value expresses the deviations averaged across the entire 
surface. If the corneal surface is perfectly fitted with an ellipse the RMS related to the 
reference ellipse equals to zero. For surfaces differing from perfect curves, what is 
known as the “total RMS” is calculated from the complete set of coefficients used to 
describe the surface, or it may be calculated for a particular set of coefficients, for 
example, “3rd order RMS” which includes only the effects of the 3rd order Zernike 
coefficients. 
 
The total RMS is given by 
 
ܴܯܵ ൌ ඩ෍ ෍ ሺܥ௡௠ሻଶ
௠ୀേ௡
௠ୀ଴
௡
௡ୀଵ
 Equation II.D.10 
 
The 3rd order RMS is given by 
 
͵௥ௗܴܯܵ ൌ ඩ ෍ ሺܥଷ௠ሻଶ
௠ୀേ௡
௠ୀ଴
 Equation II.D.11 
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II.D.2.5 Refraction from Wavefront Measurements 
 
In an optical system, with a pupil radius , the wave aberration defocus  and 
longitudinal defocus error (D) are related by the following expression (Atchison et al., 
2003) 
 
ܦ ൌ െʹܹܴଶ  Equation II.D.12 
 
With a Zernike, wave aberration defocus is given by 
 
ܹଶ ൌ ܥଶି ଶǤ ܼଶି ଶ ൅ ܥଶ଴Ǥ ܼଶ଴ ൅ ܥଶଶǤ ܼଶଶ Equation II.D.13 
 
The spherical and astigmatic wavefront components can be determining using the 
equations from Table II.D.2, for ܼଶି ଶ, ܼଶ଴and ܼଶଶ, 
 
ସܹହ ൌ െξ͸ܥଶି ଶǤ ݏ݅݊ሺߠሻ 
ெܹ ൌ െʹξ͵ܥଶ଴ 
ଵ଼ܹ଴ ൌ െξ͸ܥଶଶǤ ܿ݋ݏሺߠሻ 
Equation II.D.14 
 
 
The spherical and astigmatic defocus vectors (Thibos et al., 1997) are given by, 
 
ܬସହ ൌ െʹξ͸
ܥଶି ଶ
ܴଶ  
ܯ ൌ െͶξ͵ܥଶ
଴
ܴଶ 
ܬଵ଼଴ ൌ െͶξ͸
ܥଶଶ
ܴଶ 
Equation II.D.15 
 
The conversion to the conventional spherical cylinder correction formula can be 
obtained using the following expressions, 
 
Spherical component 
ܵ ൌ ܯ െ ܥʹ Equation II.D.16 
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Cylinder component  
ܥ ൌ െʹටܬଵ଼଴ଶ ൅ ܬସହଶ  
And 
ܬଵ଼଴ ൌ െ
ܥ
ʹ ሺʹߙሻ 
ܬସହ ൌ െ
ܥ
ʹ ሺʹߙሻ 
Equation II.D.17 
 
Cylinder axis (α) 
 
ߙ ൌ
ܽݐܽ݊ ቀ ܬସହܬଵ଼଴ቁ
ʹ  
Equation II.D.18 
 
with  
ߙ ൌ ߙ ൅ ͻͲ, if ͳͺͲ<0 
or 
ߙ ൌ ߙ ൅ ͳͺͲ, if ͳͺͲt 0 and Ͷͷd 0 
Equation II.D.19 
 
 
II.D.2.6 Resizing and “Pupil” Translation 
 
The Zernike coefficients describing the corneal wavefront aberration ( ஼ܹ௢௥௡௘௔௟) 
reported by the Atlas topographer are referenced to a unitary area centred on the 
corneal “vertex”, which is the intersection of the videokeratographic axis with the 
anterior surface of the cornea. In order to evaluate the influence of the corneal 
aberrations on visual performance the Zernike coefficients need to be translated to the 
centre of the pupil corresponding to the corneal sighting centre which is the intersection 
of the line of sight with the anterior corneal surface (Mandell et al., 1995).  
 
The corneal topographer reports the position of the pupil centre in relation to the vertex 
position, with the Cartesian coordinates in agreement with the Standard notation to 
report aberrations (Thibos et al., 2000). Using previous published work on Zernike 
polynomials rescaling and translation (Lundstrom and Unsbo, 2007), Figure II.D.4, a 
Matlab routine was used to retrieve the new rescaled and translated set of coefficients. 
Although the pupil centre location varies with miosis or mydriasis, the pupil centre used 
for the rescaling and translation procedure was the same as the one reported by the 
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When the corneal aberrations reference point is translated from the corneal vertex to 
the pupil centre, the cornea will be tilted in relation to the keratometric axis. This tilt can 
be calculated by knowing the distance from the anterior surface of the cornea to the 
topography system. Barbero et al. (2002), estimated a corneal tilt of approximately 0.15 
degrees, determined by the distance between the topographer fixation point and the 
anterior corneal surface (Humphrey MasterVue 148 mm) and distance between the 
corneal vertex and cornel sighting centre (0.38 ± 0.10 mm (Mandell et al., 1995)), with 
the corneal vertex being placed more nasally than the corneal sighting centre. Their 
measurements showed minimal aberration changes with 3rd order aberrations changing 
by 2.6% and spherical aberration by 0.6%. 
 
 
II.D.3 Methods  
 
II.D.3.1 Measuring Procedure 
 
The participant sat at the topographer with his/her head stabilised with a chin and 
forehead rest and the eye not selected for the study, occluded. The instrument was 
aligned whilst the participant looked into the fixation target with the eyes wide open and 
was asked to blink several times before the joystick button was pressed capture the 
images. An Exam Preview Screen showed the last four images in the image frame 
buffer. The image with highest quality and largest measuring area was selected and 
saved for posterior analysis.   
 
 
II.D.3.2 Data Export 
 
Topographic data was exported from the topographer using the modality “Exporting for 
Research”, this created a CSV file with a series of topographic parameters, Table 
II.D.1.  
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Table II.D.1 Parameters extracted using the Atlas software.  
Patient topographic parameters 
x Patient details 
x Calibration details 
x Keratometric Power and Axis 
x CIM 
x Shape Factor 
x Central (3.0 mm), middle (6.0 mm) and peripheral (9.0 mm) keratometric axes 
x Minimum, Maximum Dioptre 
x Dioptric value at the origin 
x Pupil Limbus position and HVID 
x Ring Position with elevation and Axial Data 
x Zernike Coefficients 
 
The file provided elevation and axial information regarding the position (in polar 
coordinates) of the reflected rings with the reflections being centred on the corneal 
vertex. The axial values were used to reconstruct the cornea in order to calculate the 
corneal multifocality. 
 
The Zernike corneal aberrations were exported from zeroth up to the 6th order for a 10 
mm corneal diameter, without using the Stiles-Crawford effect option. The reported 
corneal aberrations were referenced to the corneal vertex (Bettina (2011), personal 
communication) and their notation presented in accordance to the standards for 
reporting aberrations (Thibos et al., 2000).   
 
 
II.D.3.3 Corneal Multifocality 
 
Corneal multifocality describes the variation in corneal power within the pupil area. 
Previous studies applying the multifocality concept to evaluate its influence on 
pseudoaccommodation used the difference between the most and least powerful 
corneal points within the pupil area (Fukuyama et al., 1999, Oshika et al., 2002). This 
technique relies on the difference between two points which takes into account two 
factors, the variation in corneal curvature with pupil radius and the corneal curvature 
difference related to meridian power.  
 
An alternative form used to analyse the variation in corneal power within the pupil area 
is to determine the corneal radial curvature variation. This method averages the 
corneal curvature within zones, starting from a central pupil area, followed by 
successive equally spaced surrounding annuli.  
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the radial variation in corneal power was found by delimiting concentric areas in 0.50 
mm diameter steps within the pupil area; the multifocality index was given by the slope 
of the regression line for the mean corneal curvature as a function of the pupil diameter 
(Figure II.D.6 c).          
 
As a summary, this chapter provides a description of the technique applied to analyse 
the corneal curvature, corneal topography, further it provides a description for the 
application of Zernike polynomials in describing corneal curvature that will be used in 
Chapter III.C. Two corneal multifocality methods are also described applied to the 
characterisation of the corneal multifocality (Chapter III.C). 
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Chapter II 
 
 
II.E Optical Biometry 
 
 
II.E.1 Aim 
 
This chapter provides the fundamental knowledge about the principles involved in 
optical biometry using an instrument that combines Partial Coherence Interferometry 
and photographic image analysis (IOL-MasterTM) used in axial length, anterior chamber 
depth, corneal curvature and iris diameter measurement.  
 
 
II.E.2 Introduction 
 
A need for the accurate determination of the dimensions of ocular structures led to the 
development of ocular biometric techniques. Possibly the most common application of 
biometric techniques is in the accurate calculation of the power of IOL used in cataract 
surgery following the need to accurately plan the post-operative refractive error. 
 
One of the most common methods used to determine the ocular dimensions is 
ultrasound A-scan biometry. The resolution limit of a ultra-sound (US) with 10 MHz 
frequency is approximately 200 μm (Olsen, 1989) for axial length determination with an 
accuracy between 100 and 120 μm (Schachar et al., 1980). Ultrasound techniques 
have various pitfalls such as the need to make readings that are coaxial with the ocular 
axis, the possibility of corneal indentation when the probe contacts with the eye and the 
need of corneal anaesthesia (Vogel et al., 2001, Olsen, 2007). More recently, a 
technique based on partial coherence interferometry  was developed allowing the axial 
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length of the eye to be measured without the drawbacks associated with ultrasound 
(Drexler et al., 1998). 
  
II.E.2.1 Technique Principle 
 
In the present study the PCI system used was the IOL-MasterTM (Carl Zeiss, Germany). 
This PCI device is based on the Michelson interferometry principle where an infrared 
light beam (λ=780 nm but of limited coherence length) is split into two parallel beams, 
one of which is directed to a reference mirror and the other to a measurement mirror. 
This creates two beams with different optical path lengths, with a time delay between 
the beams of twice the difference in the interferometer arm length. The two beams are 
directed towards the eye, are reflected at the anterior corneal surface and retinal 
pigment epithelium, and then are recombined on a detector within the instrument. 
When the optical path length produced by the displacement of the measurement mirror 
arm equals the intraocular distance a constructive  interference signal is generated on 
the detector, providing a measure of the axial length (Drexler et al., 1998).  
 
 
Figure II.E.1 IOL-Master measurement principle (Vogel et al., 2001). 
 
Although the IOL-Master is an instrument used to determine different biometric 
parameters, namely axial length (AL), anterior chamber depth corneal curvature (CC) 
radius, pupil size and horizontal visible iris diameter (HVID), it only makes use of the 
PCI principle to determine the AL. The remaining parameters are determined using 
image analysis techniques.  
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PCI has a resolution of approximately 12 μm and a precision ranging between 0.3 to 10 
μm (Drexler et al., 1998). Vogel et al (2001) determined the intra-observer and inter-
observer variability for AL, ACD and CC radius, in 200 healthy phakic subjects, using 
the IOL-Master. The intra-observer and inter-observer variability reported as standard 
deviations were respectively ±25.6 μm and ±21.5 μm for AL, ±33.4 μm and ±29.8 μm 
for ACD, ±12.9 μm and ±15.9 μm for the CC radius. The instrument was found to be 
highly reliable for AL (reliability=Variance True Value/[Variance True Value + Variance Measuring 
error] (r)=99.9%) and CC radius (r=99.8%/99.5% Flat Radius/Steep Radius) but had a 
slightly reduced reliability in ACD measurements (r=97.8%). The high reproducibility 
and potentially higher accuracy of the IOL-Master contributes to an improvement in IOL 
calculation, hence to the refractive outcome (Olsen, 2007). The IOL-Master is also less 
dependent on the operator’s performance compared with US biometry, especially for 
less experienced operators (Findl et al., 2003b). 
   
As for AL, the ACD can also be measured with high precision using PCI techniques 
(Drexler et al., 1998). However, the IOL-Master does not use the interference principle 
to measure ACD, but instead it uses photographic image analysis (Drexler et al., 1998). 
Comparison of ACD measurements of phakic eyes performed with the IOL-Master and 
a PCI prototype (the gold standard technique) showed a small difference in ACD 
between the two techniques (PCI – IOL-Master, -0.01 ± 0.14 mm). The repeatability for 
the IOL-Master was slightly worse (15.0 μm) than that of the PCI (5.0 μm). For 
pseudophakic eyes the difference between the two methods (PCI and IOL-Master) 
increased (-0.09 ± 0.45 mm) and the correlation between the two methods decreased 
compared with measurements made in phakic eyes. When the ACD measurements 
were analysed taking into consideration the type of IOL (material), the ACD in eyes 
implanted with acrylic IOLs showed a weaker correlation between measurement 
techniques compared with eyes implanted with silicone IOLs. However the decreased 
correlation for the acrylic lenses was associated with the presence of outliers, possibly 
due to these cases having an incorrect detection of the anterior IOL surface during the 
image analysis process (Kriechbaum et al., 2003).       
 
In another study where the ACD of phakic eyes was measured using US A-scan, the 
IOL-Master and Scheimpflug photography (PentacamTM), the IOL-Master measured 
statistically significantly larger ACD compared with US A-scan (0.08 ± 0.17 mm; 95% 
Level of agreement (LoA) [-0.27; 0.40] mm) and significantly smaller ACD compared 
with Pentacam (0.06 ± 0.17 mm; 95% LoA [-0.12; 0.41] mm). When these methods 
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were applied to pseudophakic subjects the differences between the Pentacam (using 
automatic detection) and the IOL-Master were not statistically significant (0.01 ± 0.62 
mm; 95% LoA [-1.22; 1.21] mm), but when manual correction was applied to the 
Pentacam measurements the differences became statistically significant (0.28 ± 0.62 
mm, 95% LoA [-0.42; 0.99] mm). The IOL-Master reported significantly larger ACD 
compared with A-Scan US (0.25 ± 0.36 mm, 95% LoA [-0.45; 0.36] mm). The 
increased variability found in ACD measurements in pseudophakes was primarily 
associated with the optical properties of the IOL rather than with problems in the 
scanning method (Su et al., 2008).  
 
In the present study the ACD of pseudophakic eyes was estimated using the IOL-
Master, consistent with previous studies (Langenbucher et al., 2003a, Kuchle et al., 
2004, Sauder et al., 2005, Rosales and Marcos, 2007, Byrne et al., 2008, Nanavaty et 
al., 2008). Although, the IOL-Master has shown poor correlation with the gold-standard 
technique (PCI) (Kriechbaum et al., 2003) in ACD measurements in pseudophakic 
eyes, PCI was not an available technique in the clinical setting. Another technique 
available was Scheimpflug photography (Pentacam), which was carried on the 
complete cohort, however Pentacam software failed to identify the anterior surface of 
the IOL in 29 out of the 59 cases.   
 
 
II.E.3 Methods  
 
II.E.3.1 Measurement Protocol 
 
The measurement protocol for the optical biometry followed the IOL-Master software 
sequence used in the determination of an IOL power, (Figure II.E.2). 
 
 
Figure II.E.2 IOL-Master measurement protocol (image source: http://www.meditec.zeiss.com). 
(a) (b) (c)
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II.E.3.2 Axial Length Measurement 
 
During AL measurement the participant was asked to fixate a fixation light and the 
operator focused the reflection of the light beam on the cornea (Figure II.E.2 a). During 
the measuring procedure the operator had to centre a cross-hair reticule on the 
focused light reflection, which was the intersection of the line of sight with the anterior 
cornea, hence the corneal sighting centre. A traffic light index informed the operator 
when the alignment was correct and a series of AL measurements were automatically 
made. A Signal-to-Noise Ratio (SNR) for the measurements was also provided. The 
IOL-Master required five measurements to be taken, after the five readings a 
composite signal was calculated indicating the axial length measurement. For the 
present study the AL value used was the calculated value. Because the measurements 
were performed in pseudophakic subjects the pseudophakic acrylic mode was used to 
take into account the refractive index and thickness of the IOL (Zeiss, 2010). 
 
 
II.E.3.3 Keratometry  
 
The keratometric readings were determined from the reflection of six infrared diodes 
projected on the cornea and one central reflex, (Figure II.E.2 a). The central reflex was 
defocused and the surrounding six in focus. The traffic light index indicated the best 
position for the measurement. After image analysis the system displayed the corneal 
radius of the two principle meridians and the corneal astigmatism. The keratometry 
values were posteriorly used by the device to estimate the ACD. 
 
 
II.E.3.4 Anterior Chamber Depth 
 
The IOL-Master determined the ACD based on an “optical section” made through the 
AC using of the same principle as in slit-lamp. The selected eye was illuminated from 
an angle of 30 degrees to the temporal side of the instrument optical axis whilst the 
participant looked at the fixation point (Figure II.E.2 b).  The measurement was 
performed by image analysis and the ACD value corresponded to the distance from the 
anterior corneal surface to the anterior surface of the intraocular lens. Five internal 
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measurements were taken for a single ACD and their average was the reported ACD 
value. 
 
II.E.3.5 White-to-White 
 
The participant was asked to look at a fixation spot, six peripheral spots were aligned 
so that they were symmetrical to the cross-hairs and the iris structures or the edge of 
the pupil appeared optimally focused. Three measures were performed per eye and the 
value used for pupil photography calibration (Chapter II.F), (Figure II.E.2 c). 
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Chapter II 
 
II.F Pupil Photography  
 
 
II.F.1 Aim 
 
This chapter describes the development and utilization of a custom-made photographic 
system to photograph the pupil for size determination. The system enabled the 
determination of the pupil properties for different observation distances and specific 
luminance levels. 
 
 
II.F.2 Introduction 
 
Pupil size and its dynamics are controlled by the smooth muscles innervated by the 
autonomic nervous system. Its size is determined by the balance between the radial 
dilator and the sphincter muscle, each innervated by the sympathetic and 
parasympathetic systems, respectively. The most important factors controlling the pupil 
dynamics in this study are the ambient illumination and the accommodation status 
(Borish, 2006). Although the pupil is subject to other influences, such as the individual’s 
state of alertness or arousal, external or internal ocular pain, or mechanical restrictions 
from various ocular pathologies or structural abnormalities, these were excluded or 
minimised in this work.  
 
The pupil plays an important role in visual performance as it controls the level of retinal 
illuminance and partially determines the quality of the retinal image through its 
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contribution to limiting the blur area that can form on the retina from refractive or 
diffractive optics. Campbell and Gubisch (1966) determined that optimal image quality 
in a population of three young subjects was obtained for pupil diameters close to 2.4 
mm. For pupils smaller than 2.4 mm there is a reduction in the levels of light reaching 
the retina and the increased diffraction effects degrade the quality of the retinal image, 
whereas for larger pupils the optical aberrations degrade the retinal image quality 
(Atchison and Smith, 2000). In the presence of a refractive error the decrease in pupil 
size restricts the blur circle on the retina improving the optical quality of the retinal 
image and improving the VA for smaller pupil sizes (Atchison et al., 1979).  
 
Throughout life the average pupil size reduces in scotopic (Kadlecova et al., 1958, Said 
and W.S., 1972) and photopic conditions (Koch et al., 1991, Winn et al., 1994). This 
reduction in pupil size has been attributed to several factors: atrophy of the dilator 
muscle; increased rigidity of the iris; decreased sympathetic tone; reduced 
parasympathetic inhibition; and chronic fatigue (Pressman et al., 1986). Winn et al 
(1994), using different levels of target luminance, demonstrated that pupil size 
decreases almost linearly with age, with larger variations at lower luminance levels.  
 
The neurological mechanism acting during the accommodative process involves ciliary 
muscle stimulation, convergence and miosis, indicating that the pupil has an active role 
during the near vision process by helping to enhance the image quality on the retina. In 
the case where the accommodative system is not longer effective, such as during 
presbyopia or in pseudophakia, the neurological reflex that leads to a decrease in pupil 
size remains. In this way, the pupil has also an important role in determining visual 
performance in the presence of refractive error, as would happen in the case of 
uncorrected near vision. Chateau et al (1996) measured the pupil diameter in 
presbyopic subjects for a distant and near target with two levels of target luminance. 
For the same level of luminance, pupil size decreased approximately 1.4 mm (50 cd.m-
2) and 1.0 mm (350 cd.m-2) when target vergence was brought from far to near. 
Variation in near pupil size due to luminance was less than distance pupil size for the 
same variation in luminance levels. Similarly to previous work (Winn et al., 1994), pupil 
size was found to decrease with the subject’s age, however the variation was less 
pronounced for near targets (distance: 0.038 mm/year; near 0.023 mm/year), 
suggesting that older eyes have lower pupillary amplitude.  
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(Sony Vaio VGN-SR29XN 2.26 GHz) using an USB video-grabber (EZcapTM) and a 
custom Matlab (Matlab® R2007b, The MathWorks Inc) routine, using the Image 
Capture Toolbox. The camera was set at a fixed zoom so that the physical dimensions 
were known and a best focus was obtained using the camera’s manual focusing 
system. After centration, a flash photograph (2560 x 1920 pixels) of the eye was taken. 
The camera’s shutter was opened for only 66 milliseconds after the flash, a value 
below the pupil reaction time to a flash light (180 milliseconds) (Twa et al., 2004).  
 
The distance target (dimensions) comprised two rows of five black letters (0.8 and 0.7 
logMAR) on a white background placed 3.0 m from the observer’s eye and viewed 
against a white wall. The target was illuminated by two halogen lamps (50 W) providing 
a mean luminance of 83 cd.m-2, measured through the beam-splitter. The near target 
(1390 x 1390 arcmin) was placed 0.35 cm from the eye and the target detail comprised 
a series of rows of five black letters on a white background ranging in size from 1.0 to 
0.0 LogMAR. The target was illuminated with one halogen lamp spot (50 W) providing 
a mean luminance of 250 cd.m-2. The near target was removed for the distance pupil 
measurements. Three photographs were taken for each distance and the centration 
optimized between each measurement.  
 
 
II.F.3.2 Pupil Diameter Measurement  
 
II.F.3.2.1 Measurement Procedure 
 
The pupil photographs were exported to a personal computer and the pupil diameter 
was determined using a purpose written Matlab routine. For images with poorly 
distinguishable pupil margins local contrast enhancement (Corel Draw 12®, Corel 
Corporation 2003) was applied to enhance the pupil margin detection. The image was 
presented to an operator who interactively marked the limbus and pupil margins, 
(Figure II.F.2 a). The least mean square method was used to fit two ellipses (pupil and 
limbus) to the points previously selected, (Figure II.F.2 b). The pupil diameter, in pixels, 
was determined by the average of the major and minor ellipse (pupil) axes. The HVID, 
in pixels was defined to be equal to the major axis of the fitted limbus ellipse.  
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Chapter II 
 
II.G. Aberrometry  
 
 
II.G.1 Aim 
 
This chapter provides a brief overview of the theory behind wavefront aberrometry and 
wavefront measuring procedures. It concentrates on the principles of the most popular 
form of aberrometry currently used, the Hartman-Shack aberrometer. A measurement 
issue associated with the aberrometer’s calculation of Zernike coefficients for 
pseudophakic subjects is presented and the procedure used to investigate the validity 
of the data followed the following steps: 
x Create a protocol to retrieve the Zernike coefficients from the aberrometer 
(original) spot images, using a custom image analysis routine. 
x Investigate the validity of the custom image analysis routine, by comparing the 
Zernike coefficients measured (using the aberrometer) from a series of model 
eyes against the ray tracing predictions. 
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II.G. 2 Introduction 
 
 
II.G.2.1 Fundaments of Aberrometry 
 
The retinal image formation is conditioned by a series of factors such as diffraction, 
intraocular light scattering, sphero-cylindrical refractive errors related to low order 
aberrations, accommodative phenomena and chromatic and monochromatic 
aberrations. A method to analyse the retinal image quality is to analyse the wavefront 
of light reaching the image plane (retina). For instance, for a specific object such as a 
light spot, the light emerging from it can be viewed as a series of spherical waves with 
the crest of each wave being considered as the wavefront. The wavefront that emerges 
from the source as a circular wave, if it propagates far enough through a homogenous 
medium, can be usefully described as a plane wavefront.  
 
For a wavefront travelling through a non-uniform medium, i.e. one with variations in the 
refractive index, as is the case for a wavefront crossing an interface between two 
optical media, the emerging wavefront will be neither plane nor sphero-cylindrical, 
except for in very unusual circumstances. In the optical system shown in Figure 
II.G.1(a), the region of the wavefront travelling through the centre of the lens will be 
delayed in relation to the peripheral region of the wavefront. In any given plane that is 
perpendicular to the axis of the system the central rays will have a longer optical path 
length (OPL) compared to the peripheral ones. This introduces wavefront aberration, 
as the wavefront that connects all the points on the wave with the same OPL, has now 
deviated from its ideal plane wave shape. If an ideal or “corrected” optical system is 
used the difference in OPL between the central and peripheral rays will be zero and no 
wavefront aberration will be present, Figure II.G.1 (b). Therefore, wavefront aberration 
is defined as the difference between the aberrated wavefront and the ideal or intended 
wavefront (Krueger et al., 2004). The intended wavefront may be plane (for image 
formation at optical infinity) or spherical (for image formation as a known axial location). 
This difference is expressed as an Optical Path Difference (OPD) and is usually 
measured in micrometers or in the number of wavelengths. The two wavefronts, ideal 
and real, are normally referenced to the centre of the exit pupil of the optical system 
where the wavefront is defined as zero (Charman, 2005). 
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ܹሺߩǡ ߠሻ ൌ ෍ ෍ ܥ௠௡ Ǥ
௡ୀേ௠
௡ୀ଴
ஶ
௠ୀ଴
ܼ௠௡ ሺߩǡ ߠሻ Equation II.G.3 
 
Where ܼ௠௡  is the Zernike polynomial, ܥ௠௡  is the Zernike coefficient,  is the order of the 
polynomial and  its frequency. Table II.D.2 and Figure II.D.3 provide a list of the 
Zernike polynomials and a graphical representation. The Zernike polynomials obey two 
conditions, the first states that the average of each Zernike polynomial across a circular 
pupil is equal to zero.  
 
ͳ
݊෍ ෍ ܼ௠
௡ ሺߩǡ ߠሻ
ఏୀଶగ
ఏୀ଴
ఘୀଵ
ఘୀ଴
ൌ Ͳ Equation II.G.4 
 
The second condition indicates that the Zernike terms are independent of each other, 
therefore the sum of product of two different Zernike functions (ܼ௠௡  and ܼ௠ᇱ௡ᇱ ) across all 
sampling points, is equal to zero. 
 
෍ ෍ ܼ௠௡ ܼ௠ᇱ௡ᇱ ሺߩǡ ߠሻ
ఏୀଶగ
ఏୀ଴
ఘୀଵ
ఘୀ଴
ൌ Ͳ Equation II.G.5 
 
The first condition arises from a particular state of the second condition when one of 
the functions in Equation II.G.5 is a constant across the complete pupil area, as 
happens with piston.  
 
 
II.G.2.4 Pupil Resizing  
 
The wavefront initially defined for a particular pupil size obtained during the wavefront 
measurement can be rescaled for a different (smaller) pupil diameter using two 
methods. One is based on the reanalysis of the Zernike coefficients using the relevant 
parts of the sensor spot images and a second one determines the Zernike coefficients 
for a smaller pupil based on the rescaling of the Zernike coefficients obtained for the 
largest pupil size (Ginis et al., 2004, Neal et al., 2005). Ginis et al. (2004) compared the 
wavefront variation during a 6 seconds measuring period (50 measures) and found that 
the variability of low order coefficients (ܥଶ଴) was similar using the reanalysis and the 
rescaling methods, however for higher order terms (ܥସ଴) the variability of the 
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measurements increased using the reanalysis method, associated with the decreased 
number of sampling points when a smaller area of the spot image is considered. 
 
Using a rescaling method that “crops” the area of interest of the wavefront also requires 
that the initial fitting of the Zernike polynomials to the wavefront is accurate. However in 
real measurements, the measuring noise and sampling errors may not allow a precise 
adjustment of the Zernike polynomials especially when using only low orders. The 
wavefront fitting error can be described as (Neal et al., 2005): 
 
௙ܹ௜௧ଶ ൌ
ͳ
݊෍ ෍ ቌܹሺߩǡ ߠሻ െ ෍ ෍ ܥ௠
௡ Ǥ ܼ௠௡ ሺߩǡ ߠሻ
௡ୀേ௠
௡ୀ଴
ஶ
௠ୀ଴
ቍ
ଶఏୀଶగ
ఏୀ଴
ఘୀଵ
ఘୀ଴
 Equation II.G.6 
 
where ܹሺߩǡ ߠሻ is the real wavefront at a particular point ሺߩǡ ߠሻ in the pupil and ܥ௠௡ Ǥ ܼ௠௡  is 
the Zernike coefficient and function best approximation to the real wavefront.   
 
 
II.G.2.5 Refraction Calculation  
 
The Wavefront Supported Custom Ablation (WASCA) aberrometer (Carl Zeiss Meditec 
AG, Jena, Germany) reports the Zernike coefficients up to the 10th Zernike order. The 
sphero-cylindrical refraction is calculated based on the refractive power vectors (Thibos 
et al., 1997) from Zernike coefficients as described in Chapter II.D.3.5. An additional 
sphero-cylindrical calculation is present in WASCA that incorporates the primary 
spherical aberration (ܥସ଴) in the spherical component calculation. Salmon et al. (Salmon 
et al., 2003) argued that as ܼଶ଴ is a parabola, including the term ܼସ଴ would improve a 
wavefront fitting to a sphere improving the accuracy of the spherical equivalent power. 
The equation to determine the spherical dioptric vector () using the “Seidel” 
method is, 
 
ܯௌ௘௜ௗ௘௟ ൌ െ
Ͷξ͵
ܴଶ ܥଶ
଴ ൅ ͳʹξͷܴଶ ܥସ
଴ Equation II.G.7 
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II.G.2.6 WASCA Accuracy and Repeatability 
 
The accuracy and repeatability of WASCA aberrometer was evaluated in 20 myopic 
subjects, comparing the sphero-cylindrical refraction with the one obtained by 
subjective cycloplegic and non-cycloplegic refraction (Salmon et al., 2003). The 
accuracy was defined as the difference between the power vectors (ǡͳͺͲǡͶͷ) for the 
true refractive error (subjective refraction) and the power vectors for the WASCA 
measure. The mean power vector errors, reflecting the difference between the WASCA 
and subjective refraction varied between 0.3 and 0.4 D with cycloplegia not influencing 
the difference. WASCA accuracy improved by 0.1D when the refraction was calculated 
using the “Seidel” method, but this was only for large pupils. The repeatability of the 
WASCA, assessed by the difference between five individual measures to the average 
of the five measurements, was about 0.25 D for a 4.0 mm pupil when cycloplegia was 
not used and improved to 0.15 D with cycloplegia. The repeatability decreased when 
the “Seidel” method was used. Reinstein et al. (2006) evaluated the accuracy of 
WASCA in 25 myopic subjects against the subjective refraction. The power vector 
differences were 0.22 ± 0.39D, -0.03 ± 0.21 D and -0.03 ± 0.13 D for , ͳͺͲ and Ͷͷ 
respectively. WASCA repeatability for higher order aberrations measured for 5.0 mm 
was 0.035 μm for the 3rd order terms, 0.025 μm for the fourth order and was no more 
than 0.02 μm for the 5th and higher orders. 
 
II.G.3 Methods 
 
The wavefront aberration was measured using the WASCA aberrometer. The WASCA 
aberrometer uses a Hartman-Shack sensor to determine the shape of the wavefront. 
The WASCA details are summarized in Table II.G.1.  
 
Table II.G.1 WASCA technical characteristics. 
Microlens Array (resolution) (33 x 44) Microlens  
(Neal et al., 2001) 
Microlens Array (size) 4.8 x 6.5 mm 
Microlens diameter 144 μm 
Microlens focal length 4.2 mm 
Effective Lateral Resolution 210 μm 
Magnification 0.6857142857  (Ginis et al., 2004) 
Spot Images (resolution) (rows x columns) (480 x 752) pixels Carl Zeiss,  
personal communication 
Sensor camera IR CCD Cohu 2122 File Information 
Sensor Camera (resolution) (494 x 768) pixels 
http://www.colutron.com Sensor Camera (dimension) (4.8 x 6.4) mm 
Camera Element Pitch (8.4 x 9.8) μm 
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The patient positioned his or her head on a chin rest and fixated the red light beam of 
the aberrometer. The anterior-posterior focus point of measurement was determined by 
placing in focus two light spots reflected from the anterior crystalline lens. The 
wavefront measurements were made (20 minutes) following administration of one drop 
of tropicamide (Colicursi® Tropicamide 1%, Alcon) and the non-studied eye was kept 
covered during the measurements. Three measurements were taken per participant.  
 
 
II.G.3.1 Ocular Aberrations Analysis 
 
During ocular aberrations analysis, ocular refraction (sphere and cylinder) reported by 
WASCA using the maximum dilated pupil agreed with the subjective refraction (using 
the “Seidel” method, equation II.G.7), though an unexpected result was found when the 
ocular refraction was recalculated for the distance pupil size. This involved the resizing 
of the wavefront measured with the maximum dilated pupil to the mean distance pupil 
diameter measured when looking at a distance target. Using the “Seidel” method to 
calculate the ocular refraction, a shift towards more negative spherical refractions was 
found for smaller pupil sizes. This was contrary to the expected myopic shift found 
when the pupil diameter increases. In order to attempt to correct this unexpected 
behaviour in wavefront error, the WASCA spot images were reanalysed as described 
below. 
 
 
II.G.3.2 Comparison between Subjective Refraction and WASCA 
Refraction  
 
The three WASCA set of Zernike coefficients corresponding to the three 
measurements, were recalculated (Ginis et al., 2004, Lundstrom and Unsbo, 2007) for 
the smallest pupil size of the three measurements (average maximum pupil constriction 
(Largest pupil – Smallest pupil) 0.067 ± 0.052 mm). The three recalculated Zernike 
coefficients were averaged and the mean value was posteriorly resized to the distance 
physiological pupil size. The refraction power vectors were calculated using Equation 
II.G.7 for the spherical “Seidel” vector () and Equation II.D.15 (Chapter II.D.2.5) 
for the “Zernike” spherical and astigmatic power vectors (, ͳͺͲ and Ͷͷ). The subjective 
refraction value was converted to the power vector form using Equations II.D.16 and 
II.D.17 (Chapter II.D.2.5). Subjective and WASCA refraction were compared using 
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correlation and Bland-Altman analysis. Near distance refraction was calculated 
similarly, resizing the wavefront to the physiologic near pupil size.  
 
 
II.G.3.3 Model Eyes Wavefront Analysis 
 
II.G.3.3.1 Model Eyes Wavefront Measurement using WASCA   
 
Wavefront aberration was measured in seven model eyes Table II.G.2, that were built 
using a 12.0 mm diameter transparent plano-convex Poly(methyl methacrylate)  
(PMMA) button, placed inside a metallic cylinder with the curved surface facing the 
pupil. The curved surface of the button had been assessed using videokeratometry 
(Medmont E300 Corneal Topographer) analysis and the thickness of the buttons was 
measured using micrometer capillers.  
 
Table II.G.2 PMMA buttons details. 
Button (#) Anterior Surface Radius 
[mm] 
Conic Constant Thickness (SD) 
[mm] † 
Diameter 
[mm] 
1 7.8 0.180 0.437 (0.003) 12.0 
2 7.8 0.253 0.440 (0.000) 12.0 
3 8.0 0.180 0.437 (0.003) 12.0 
4 8.0 0.282 0.438 (0.003) 12.0 
5 8.2 0.108 0.440 (0.000) 12.0 
6 8.2 0.197 0.440 (0.000) 12.0 
7 8.2 0.283 0.440 (0.000) 12.0 
†Thickness: average of three measures done with a capiller rule. 
 
The model eye pupil had a circular aperture with 6.0 mm diameter and the “retinal” 
plane was a micrometer adjustable flat metal plate. The model eye was mounted 
vertically and the aberrometer laser beam was steered into the eye using a mirror, 
Figure II.G.5.  
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Table II.G.3 Model eye parameters for implementation in ZEMAX and Beam 3. 
Surface Radius Thickness 
(mm) 
Medium Semi-Diameter 
(mm) 
Conic 
(K) 
Object ∞ ∞ Air (n=1.0) 0 - 
Pupil ∞ 0 Air (n=1.0) 2.95 - 
Button Anterior Surface † † PMMA (n=1.49333) 6.00 † 
Button Posterior Surface ∞ Variable Air (n=1.0) 6.00 - 
Retina ∞ - Air (n=1.0) - - 
† Button parameters from Table II.H.1 
 
The Zernike coefficients were measured on the “retinal” plane through a sampling grid 
of 64 x 64 rays and with the model eye centred on the optical axis, Figure II.G.6. The 
coefficients were reported for a 5.9 mm pupil size.  
 
 
Figure II.G.6 Model eye implementation on ZEMAX. 
 
 
II.G.3.3.3  WASCA Spot Image Analysis using a Custom Built Matlab Routine 
 
Validation of the custom built Matlab routine was undertaken by comparing the Zernike 
values determined using this method against the reported WASCA Zernike coefficient 
values and ray-tracing analysis. The Matlab routine had incorporated the WASCA 
details summarized in Table II.G.1 and used the original WASCA spot image for the 
analysis. The interactive Matlab procedure allowed correcting the position of the spots 
centre of mass that were erroneously located, Figure II.G.7. The final output reported 
the Zernike coefficients up to the 10th order and these were resized to 5.9 mm for 
comparison with the previous two techniques.    
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Figure II.G.7 Spot image analysis procedure. Red crosses indicate the position of the centre of 
mass of each spot.  
 
The spot images were created using WASCA source wavelength (λ = 850 nm), 
therefore the Zernike coefficients were adjusted for the wavelength used by WASCA 
software (λ = 555 nm) using the following correction factor (Salmon et al., 2003, Ginis 
et al., 2004) 
   
݇ ൌ ݊ହହ଴ െ ͳ଼݊ହ଴ െ ͳ Equation II.G.8 
 
Where 
݊ఒ ൌ ͳǤ͵ʹͲͷ͵ͷ ൤
ͶǤ͸ͺͷ
ߣ െ ʹͳͶǤͳͲʹ൨ Equation II.G.9 
 
The validation of the Matlab procedure compared the primary spherical aberration (ܥସ଴ሻ 
reported by WASCA software and the ray-tracing analysis against the Matlab output, 
using correlation and Bland-Altman analysis. 
 
 
II.G.3.4 Pseudophakic Participants’ Spot image Analysis  
 
Three spot images per participant (177 images) were analysed using the Matlab 
routine. For comparison with WASCA reported values, the coefficients reported by 
Matlab were recalculated to the smallest pupil size (of the three measurements) 
measured by WASCA software, (Section II.G.3.3.1) and the values compared using 
correlation analysis. The Zernike coefficients wavelength correction was carried out 
using Equations II.G.8 and II.G.9. 
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II.G.4 Results 
 
II.G.4.1 Comparison between Subjective Refraction and WASCA 
Refraction 
 
The subjective and objective refraction power vectors correlations (, ͳͺͲ and Ͷͷ) 
of 59 participants (male n=37, female n=22) mean age 66.9 ± 7.53 y/o (median: 68 y/o, 
[38; 78]) showed moderate to strong correlations, Table II.G.4. The WASCA power 
vectors could explain between 76% (Ͷͷ) and 85% ( of the variability in subjective 
refraction.     
 
Table II.G.4 Regression analysis between subjective and WASCA power vectors using distance 
physiologic pupil size. 
Vector Relation R 
 ൌͲǤͺʹ͹u൅ͲǤͷ͵ͷ 0.819 
 ൌͲǤ͹ͳ͵u൅ͲǤʹͲͷ 0.770 
ͳͺͲ ͳͺͲൌͲǤ͹ʹ͸uͳͺͲǦͲǤͲͲ͹ 0.851 
Ͷͷ ͶͷൌͳǤʹ͸ͷuͶͷ൅ͲǤͲͶʹ 0.761 
 
 
The difference between techniques (Subjective – WASCA) showed that the subjective 
spherical vector tended to be more positive ( = 0.354 ± 0.405 D; M =0.681 ± 
0.345 D) than the WASCA spherical vector and the difference in astigmatic vectors 
averaged close to zero. For the difference between astigmatic vectors, 95% of the 
values felt approximately within ± 0.25 DC (ͳͺͲ: r 0.303 DC; Ͷͷ: r 0.100 DC), ± 0.75 
DS (: r 0.790 DS; : r 0.676 DS) for the difference in spherical power vectors, 
Figure II.G.8.   
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(a) (b) 
Figure II.G.13 Correlation analysis for the Zernike Coefficients between WASCA reported 
values and spot image analysis. Colour code indicates the (a) slope and (b) the correlation 
index. 
 
The two methods were highly correlated for the 3rd, 4th, and 5th order coefficients, but as 
the Zernike order increased the correlations tended to decrease. For the second order 
coefficients, defocus values ሺܥଶ଴ሻ were moderately correlated (R2=0.581), however the 
primary astigmatism coefficients showed high correlations.   
 
 
II.G.5 Discussion 
 
The refractive vectors calculated from the WASCA measurements for the distance 
physiological pupil size were strongly or moderately correlated with subjective 
refraction. Still Reinstein et al. (2006) reported higher correlation between WASCA and 
subjective refraction levels in a group of 50 myopes ( R2=0.965; ͳͺͲ R2=0.845; Ͷͷ 
R2=0.793) compared with the ones obtained here ( R2=0.595; ͳͺͲ R2=0.734; Ͷͷ 
R2=0.579). The power vector’s narrower intervals for the pseudophakic eyes compared 
with a broad refractive range in Reinstein’s study may have led to a decrease in 
correlation levels. The difference between WASCA and subjective vectors (: 
0.354 ± 0.406 D; ͳͺͲ: 0.017 ± 0.154 D; Ͷͷ: 0.002 ± 0.066 D) were similar to the 
differences encountered by Reinstein (: 0.22 ± 0.39 D; ͳͺͲ: 0.03 ± 0.21 D; Ͷͷ: 0.03 
± 0.13 D) for the astigmatic refractive vectors but slightly higher for the spherical vector. 
Reinstein et al. (2006) calculated the difference in the spherical vector by adding -0.40 
D to the subjective refraction to compensate the subjective refraction distance (2.5m), if 
the 5.0 m refractive distance used in this study is corrected by adding -0.20 D the 
diference in the  vector reduces to ~0.15 D. Including the ܥସ଴ component in 
refraction calculation approximates the WASCA measurement to the subjective 
refraction (Salmon et al., 2003). This is confirmed, for the present data by the 
Cmn (WASCA)
C m
n
(M
AT
LA
B)0
1
2
3
4
5
6
7
8
9
10
O
rd
er
(m
)
0 1 2 3 4 5 6 7 8 9 10-10 -9 -1-2-3-5 -4-6-7-8
Slope
Frequency (n)
Cmn (WASCA)
C m
n
(M
AT
LA
B)0
1
2
3
4
5
6
7
8
9
10
O
rd
er
(m
)
0 1 2 3 4 5 6 7 8 9 10-10 -9 -1-2-3-5 -4-6-7-8
R2
Frequency (n)

Chapter II.G Aberrometry 
 
149 
 
grid, Figure II.G.15. Image reanalysis did not bring significant changes in the Zernike 
coefficients, compared to the WASCA analysis, especially for Zernike coefficients up to 
5th order. A low correlation was found for the ܥଶ଴  values between the two methods and 
this is most probably associated with partial correction of the defocus component of the 
wavefront within the WASCA that is not represented in the spot images, therefore the 
reanalysis procedure could not account for it.  
    
 
Figure II.G.15 WASCA spot image with central bright blob.  
 
Considering the poor Zernike fitting as the main source of error, that created an 
unexpected variation in wavefront behaviour, adding to the fact that the higher order 
Zernike coefficients (in particular ܥଵ଴଴ ) values do not scale with lower order coefficients 
(Dai, 2006). For future data analysis Zernike coefficients will be used up to the 6th order 
on a 10th order fit, it is expected with this approach to minimise effect of Zernike 
functions fitting on the wavefront data. 
 
 
Pupil = 4.17 mm
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Chapter II 
 
 
II.H Surgical Protocol 
 
 
II.H.1 Aim  
 
The aim of this section is to describe the surgical protocol applied for cataract surgery, 
in the ophthalmology clinic hosting part of this research.  
 
II.H.2 Surgical Protocol 
 
II.H.2.1 Pre-surgical Procedure 
 
Before surgery a comprehensive eye exam was carried out by an optometrist and 
ophthalmologist, this included case history, subjective refraction and evaluation of the 
ocular structures. Ocular biometry was performed using the IOL-Master (IOL-Master 
500, Carl Zeiss, Germany) and the intraocular lens power was calculated using the 
SRK/T formula (Retzlaff et al., 1990), within the biometer software.  
 
II.H.2.2 Surgical Procedure 
 
The surgical procedure was always performed by the same surgeon (AST) who used a 
Sutureless Extracapsular Cataract Extraction technique. The surgical technique was 
similar to the described by Ruit et al. (2000b) as follows: 
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x The patient lay on a surgical table, lids and surrounding face were washed 
using a Povidone-iodine solution. An eye speculum was inserted. 
x Instillation of one drop of Lidocaine 2% plus Adrenaline 1% and one drop of 
cycloplegic.   
x A conjuntival flap was created by performing approximately a 10 to 2 o’clock 
peritomy, exposing the sclera. 
x An initial small scleral incision was performed in the most curved meridian, 
using a slit knife, with an entrance angle of 30 degrees, tangential to the limbus 
at a distance of 1.5 - 3.0 mm from the limbus.  
x A 4.0 – 5.0 mm sclera-corneal tunnel was constructed using a bevel-up 
crescent blade to access the anterior chamber. The entrance in the anterior-
chamber (AC) was 1.0 - 1.5 mm from the limbus. After accessing the AC intra-
chamber injection of Lidocaine 2%, Adrenaline 1% and viscoelastic material 
was performed. 
x A curvilinear capsulorhexis with 5.0 - 6.0 mm diameter was performed using a 
claw, followed by central hydrodissection to separate the crystalline lens 
nucleus. The nucleus was rotated and tilted.  
x The wound was enlarged to 5.0 mm and the nucleus was lifted and extracted 
through the sclerocorneal tunnel using an irrigating vectis.  
x The epinuclear and cortical debris were removed from the posterior capsule, 
anterior chamber and the recesses from capsular bag. 
x The IOL was inserted with the help of a claw and placed in the capsular bag. 
The viscoelastic material was aspirated from the eye and methylcellulose was 
injected to position the IOL. The ACD was confirmed and an intra-chamber 
injection of Vancomicine and Cefalosporine was performed.   
x After surgery a non-steroidal anti-inflammatory drug (NSAID), an anti-infective 
drug (Oftacilox) and the steroid prednisolone were used as drops for the 
following 24 hours.  
x The first follow-up examination was performed on the following post-operative 
day and a second visit on the 7th post-operative day. 
 
II.H.2.3 Intraocular Lens 
 
The participants enrolled in the present study were implanted with two types of 
intraocular lenses, Lentis® L-302-1 (Oculentis) and Acri.Lyc® 47 LC (Carl Zeiss). The 
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characteristics of both IOLs as reported by the manufacturer are summarized in Table 
II.H.1. 
 
Table II.H.1 Intraocular lens characteristics 
 
 Lentis L-302-1 Acri.Lyc 47 LC 
Type One-piece acrylic IOL One-piece acrylic IOL 
Optic Size 6.0 mm 6.0 mm 
Overall length 12.0 mm 12.5 mm 
Haptic Angulation 0º 0º 
Optic Biconvex (±0.0D to +35.0D) 
Planoconcave (-10.0D to -1.0D) 
Bi-Aspheric, equiconvex, Corrects 
the spherical aberration of the IOL 
Central Thickness 1.15 mm (+22.0D) - 
Design Optic and haptics with squared 
edges 
- 
Material HydroSmart copolymer, consisting 
of acrylates with hydrophobic 
surface, UV absorbing 
- 
Available powers -10.0D to +35.0 (1.0D) 
+15.0 to +27.0 D (0.50D) 
-10.0D to +44.0 
Refractive Index 1.46 - 
Estimated A-factor (acoustic) 118.0 - 
Estimated A-factor (optic) 118.3 (SRK/T) - 
Estimated ACD 4.97 mm - 
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CHAPTER III 
 
III.A The Role of Astigmatism in Pseudophakic Eyes – 
Pilot Study 
 
 
III.A.1 Aim 
 
The aim of this chapter is to describe a pilot study used to investigate the influence of 
optically induced astigmatism in an age matched group (late presbyopic group) 
representing the population that was to be enrolled in the first clinical trial. Furthermore, 
the effect of astigmatic defocus was initially investigated in a group of young 
(cyclopleged) participants, also allowing the optimisation of the procedures for later use 
with the late presbyopic (presbyopic) group.  
 
Data obtained from experiments with the cyclopleged group was compared with the 
results from the presbyopic group in order to determine if younger participants could be 
used as a reliable model for the present evaluation. 
 
The main outcomes from the pilot study were distance and near VA, reading speed 
performance and distance and near contrast sensitivity. These visual performance 
parameters were also the main outcomes for visual performance in the main clinical 
study. 
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III.A.2 Introduction 
 
From the work described in the introductory chapters, it is clear that cataract surgery 
outcomes in developing regions of the world have been benefiting from advances 
associated with the new surgical techniques (Ruit et al., 1999), improvements in optical 
parameter calculation and availability of different IOL powers (Yorston and Foster, 
1999, Beatty et al., 2004). The improvements in vision quality have not only been 
reflected in the higher percentage of patients achieving normal visual acuity levels 
(Lam et al., 2007) but also show the importance of cataract surgery on quality of life 
(He et al., 1999). 
 
Outcomes of cataract surgery are normally assessed in relation to World Health 
Organizations visual standards, which rely on distance visual acuities (Tabin et al., 
2008). This type of evaluation provides a clear and universal way of comparing results 
across different settings and regions, but it can be argued that it is overly limited. It 
does not provide, other than in a most superficial way, a realistic overview about the 
near vision performance of cataract surgery patients (Polack et al., 2007). Furthermore 
there has been increasing interest in the role of presbyopia (or inability to attain clear 
near vision) and the detrimental effect it has on quality of life and visual function in rural 
region dwellers (Marmamula et al., 2009). This is of particular interest to cataract 
surgery patients because after IOL implantation, they are not able to exert any 
accommodation in order to focus near objects. Hence their ability to achieve clear near 
vision relies on near vision spectacles (Maki et al., 2008) or small amounts of surgically 
planned ametropia (Cook, 1996). Regarding spectacle provision and use, different 
studies argued that developing region dwellers are not able to pay (Ramke et al., 2007) 
do not have access to refraction services, nor do they have access to  spectacle 
dispensing provision (Potter, 1998). Furthermore, a large percentage of patients with 
prescribed spectacles do not wear them due to a variety of factors, such as cultural, 
social (Sherwin et al., 2008) or discomfort (Congdon et al., 2007). These factors make 
spectacle prescribing in some developing regions a poor and inefficient method to 
correct a patient’s vision after cataract surgery. 
 
An accepted and established way to provide functional vision to pseudophakes in 
developing regions relies on the implantation of a higher power IOL, which produces a 
certain amount of postoperative myopia (Cook, 1996). The gain in distance VA attained 
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by cataract removal is somewhat decreased by the presence of myopic defocus but 
compensated for by an enlarged range of clear vision at shorter distances. 
 
An alternative method of enhancing functional near vision in pseudophakic patients, 
relies on the presence of a certain amount of postoperative simple myopic astigmatism 
(Huber, 1981). Several studies have shown a relationship between enhanced near 
vision outcomes in cataract surgery patients, and against-the-rule astigmatism 
(Trindade et al., 1997, Nagpal et al., 2000, Nanavaty et al., 2006). However the role of 
ATR astigmatism is not totally established due to the large variability in visual 
outcomes present across the different studies, mainly related with the effect of different 
axis orientation (Koch, 2006). The interest behind postoperative astigmatism is based 
on the fact that it is an iatrogenic effect of cataract surgery related to the incision 
method and site, so that it is present in almost all cataract surgery patients (Kimura et 
al., 1999, Burgansky et al., 2002). Improvements in the techniques to control SIA in 
terms of power and orientation can be used to predict and define a postoperative 
astigmatic refraction (Lam et al., 2007). 
 
The effect of astigmatic defocus on various visual tasks, such as contrast sensitivity 
(Bradley et al., 1991), visual acuity (Remon et al., 2006, Kamiya et al., 2012b, 
Ohlendorf et al., 2011b), reading performance (Wolffsohn et al., 2011, Wills et al., 
2012), normal daily tasks such as driving and mobile phone manipulation (Wolffsohn et 
al., 2011) has been investigated in the recent past. Similarly to spherical defocus, when 
astigmatic defocus is induced in phakic eyes, it produces a degradation of the retinal 
image, though to a smaller extent than produced by spherical defocus of the same 
dioptric power, hence reduced VA (Remon et al., 2006, Kamiya et al., 2012b, 
Ohlendorf et al., 2011b) and reading performance less (Wolffsohn et al., 2011, Wills et 
al., 2012). Also the effect of defocus on target visibility is dependent on the direction of 
the target detail, as demonstrated by Bradley and colleagues (1991) when they 
measured the effect of astigmatic defocus on contrast sensitivity using unidirectional 
gratings. 
 
Related to astigmatic blur orientation, various studies have reported differences in VA 
and reading performance for different astigmatic axes (Kamiya et al., 2012b, Wildsoet 
et al., 1998, Wolffsohn et al., 2011). Furthermore the levels of tolerance of astigmatic 
blur seem to be dependent on the axis orientation (Guo and Atchison, 2010) (Miller et 
al., 1997).  
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III.A.2.1 Hypothesis  
 
Literature on pseudoaccommodation suggests that post-operative astigmatism is a 
factor contributing for better near VA. Among the various studies, ATR astigmatism 
seems to take advantage over WTR or oblique astigmatism forms, mainly for near 
vision tasks.       
 
The role of astigmatism on pseudoaccommodation is related to its ability to 
compensate (meridionally) the vergence of rays travelling from distances closer to the 
eye. Nonetheless the astigmatic error introduces a certain degree of distortion that 
hampers distance vision and limits image quality at near.     
 
In this experimental chapter, it is hypothesized that by inducing various levels of 
astigmatic defocus distance and near visual performance will be mainly driven by the 
astigmatic effect, demonstrating the influence of astigmatism on 
pseudoaccommodation. It is also expected that different axis orientations will produce 
distinct variations in visual performance. To verify this, visual performance will be 
assessed using standard clinical tests, namely individual letter discrimination, reading 
and detection of a fine grating. 
 
 
III.A.3 Methods 
 
Two groups of five observers each entered this study. The young observer group had a 
median age of 37 years old (range: [29 to 52] y/o) and the late presbyopic group had a 
median age of 82 years old (range: [66 to 84] y/o).  
 
For the young group who were cyclopleged, twenty minutes prior to refraction, four 
participants were dilated with one drop of 0.5% Cyclopentolate (Minims, Chauvin™) 
and one (52 years old) with one drop of 1% Tropicamide (Minims, Chauvin™). A 
second drop of Cyclopentolate was instilled after 90 minutes in the three youngest 
observers (29, 31, 37 years old). Static retinoscopy, distance and near subjective 
refraction were performed using a 3.00 mm artificial pupil in the right rear cell of the trial 
frame. The subjective refraction and visual performance measurements were 
performed monocularly with the right eye. The mean spherical equivalent refractive 
error was -4.43 ± 0.72 D with a maximum amount of refractive astigmatism of 1.25 D 
and the near vision addition was +3.00DS for a 0.33 m working distance. All five 
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observers had distance and near VA of at least 0.00 logMAR. The experiment was 
carried out over two sessions of two and half hours each. The first session included 
high contrast and low contrast near VA measurements and reading speed with variable 
amounts of spherical and astigmatic defocus. Distance high contrast and low contrast 
VA, and distance and near contrast sensitivity were evaluated during the second 
session. 
 
The late presbyopic group, recruited from the University Eye Clinic, contained two 
bilaterally pseudophakic and three phakic participants, all native English speakers. 
Anterior and posterior segments were evaluated with a slit-lamp, ophthalmoscopy and 
macular integrity was screened with an Amsler grid. The Lens Opacity Classification 
System (LOCS III) (Chylack et al., 1993) was used to classify the lens transparency 
state, the borderline condition for inclusion was defined as nuclear opalescence grade 
II. Refraction and visual performance experiments were performed with a natural pupil 
size, which was not measured. The mean distance spherical equivalent refractive error 
was -1.76 ± 2.95 D, the maximum amount of refractive astigmatism was 1.25 D and 
near compensation for 0.33 m was made using +3.00 DS. The eye presenting with the 
better VA and lower grade of lens opacity was used to perform the observations. The 
tasks were divided into three sessions of two hours each. Near high contrast and low 
contrast VA and reading speed were analysed in the first session, and distance high 
contrast and low contrast VA in the second session. The third session included 
distance and near CS assessment.  
 
Ethical approval was obtained from University of Bradford Ethics Committee and 
informed oral consent was obtained from all participants in this study which was 
conducted in accordance with the guidelines promoted by the Declaration of Helsinki. 
 
The participant’s refractive correction and any optically induced defocus were placed in 
the trial frame. Astigmatic defocus was induced by using +1.00 and +2.00 D toric 
plano-convex lenses at three axis orientations (180, 45 and 90 degrees). A total of four 
refractive powers were used. These are referenced with respect to their expected 
effects on the near tasks, i.e. no blur (distance correction and +3.00D), blur (distance 
correction), +1.00u axis (distance correction and +1.00 DC at 180, 45 and 90 degrees) 
and +2.00u axis (distance correction and +2.00 DC at 180, 45 and 90 degrees). 
 
Oral reading speed was assessed using three different versions of the developed 
reading charts (Appendix I). One version of the chart (chart I) was used for no blur and 
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blur condition, chart II for +1.00 DC at three axis orientations and chart III for +2.00 DC 
at three axis orientations. Reading time and errors were recorded according to the 
procedure described in Chapter II B.3.6. and reading speed parameters analysed using 
the methods described in Chapter II B.3.7. Near high contrast and low contrast VA 
were measured after reading speed assessment for each particular focusing condition. 
Three different high contrast and low contrast chart versions were used and presented 
in a similar way to the reading speed charts. Near VA was recorded on pre-printed 
templates and a letter-by-letter (0.01 logMAR units per letter) scoring system was used. 
Participants’ viewing distance was regularly checked using a ruler and the working 
distance readjusted to 0.33 m if needed.  
 
Distance high and low contrast VA was measured at a 3.0 m distance using the 
procedure described in Chapter II.A.3.2. In a similar way three versions of high and low 
contrast charts were used and responses marked on a template. For the three 
procedures distance VA, near VA and reading speed, optical conditions were kept in 
the same order, blur, +1.00×180, +1.00×45, +1.00×90, +2.00×180, +2.00×45, 
+2.00×90 and no blur.   
 
Contrast sensitivity was evaluated for distance (3.0 m) and near (optically simulated 
with a -3.00D spherical lens) representing a 0.33 cm working distance, in a dim room. 
Distance and near thresholds were determined for a single spatial frequency (12.0 
cpd). Due to the -3.00D lens magnification (M=0.965 at a Back Vertex Distance (BVD) 
of 12mm) the perceived spatial frequency for simulated near CS was slightly higher at 
~12.4 cpd. Thresholds for the different defocus conditions were determined using 
vertical and horizontal gratings, except that the late presbyopic group did not run the 
experiment for the 45 degrees (+1.00 and +2.00 DC) blur conditions. Initially the 
procedure was explained to the participants using a printed replica of the monitor 
display for the different test conditions. Participants were seated and were advised to 
maintain the same central position, avoiding head tilts, although the head was not 
physically constrained.  
 
Near vision performance for all analysed parameters was analysed in terms of gain, i.e. 
the difference between a particular parameter result under the test condition (eg. high 
contrast VA with +2.00DC × 90) and a baseline condition. The baseline condition was 
always considered the condition where only distance correction was used (blur). For 
distance vision, parameters were analysed in terms of degradation where the specific 
parameter value was subtracted from the parameter baseline condition (the distance 
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corrected condition). Results were analysed using two-way ANOVA and Greenhouse-
Geisser method used when the sphericity criterion for a data sample was not met.      
 
 
III.A.4 Results 
 
III.A.4.1 Cyclopleged subjects as a model to predict visual performance in 
late presbyopic subjects  
 
This section will investigate whether a group of cyclopleged observers is a legitimate 
and comparable sample to predict the effect of astigmatic defocus for different visual 
performance tasks in late presbyopic subjects. 
 
Characterisation of near vision performance included assessment of high and low 
contrast VA (near HCVA and near LCVA), area under the reading speed curve (AUC), 
reading threshold print size (TPS), reading acuity (RA) and maximum reading speed 
(MRS). Distance high and low contrast VA (distance HCVA and distance LCVA) were 
used as measures of distance visual performance. Determination of contrast threshold 
using two grating orientations, horizontal (HG) and vertical (VG), allowed the 
characterisation of the effect of astigmatic defocus on contrast sensitivity at near (near 
CS) and distance (distance CS). 
 
III.A.4.1.1 Distance and Near Contrast Sensitivity 
 
Degradation in distance (left) and gain in near (right) contrast sensitivity were evaluated 
using horizontal (top) and vertical (bottom) gratings for both groups and the results can 
be seen in Figure III.A.1. 
 
According to the nature of astigmatic defocus, the influence of WTR and ATR 
astigmatism in CS measured with horizontal or vertical gratings should remain barely 
unchanged for one astigmatic condition and show a maximum change for the 
orthogonal condition. This effect can be observed in Figure III.A.1 where CS has a 
more pronounced variation when the astigmatic axis is parallel to the tested grating 
orientation and statistically from Table III.A.1 (Significance‡) where only one condition 
(near CS (VG) + cyclopleged group) failed to reach statistical significance.   
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Figure III.A.1 Contrast sensitivity variations for distance and near vision using horizontal and 
vertical gratings. WTR, oblique and ATR astigmatism was simulated in the cyclopleged group 
but only WTR and ATR were used for the presbyopic group.  
 
When the astigmatic blur is parallel to the grating the CS should be independent of the 
grating orientation used, if only the astigmatic blur is present and in the absence of any 
retinal meridional amblyopia. Table III.A.1 (Significance†) demonstrates this effect with 
the majority of conditions showing a non-statistically significant effect of the blur.  
 
 
Table III.A.1 Variation in CS with refractive power for the different test conditions. Statistical 
results show comparisons by mean (t-test) using different grating and astigmatic axis orientation 
(Significance†) and comparison (ANOVA) using same grating orientation and different 
astigmatic axis (Significance‡). 
Distance Cyclopleged Group 
Horizontal Grating 
(HG) 
CS variation  
[dB/D] 
Vertical Grating 
(VG) 
CS variation  
[dB/D] Significance † 
Axis 180  10.08 ± 4.28 Axis 90 10.68 ± 4.28 t(3)=-0.342 
p=0.755 
Axis 90 1.00 ± 0.93 Axis 180 1.35 ± 1.14 t(3)=-0.592 p=0.595 
Significance‡ F(1,3)=27.249 p=0.014 Significance‡ 
F(1,3)=178.447 
p=0.001  
 
 
 
 
180
45
90
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Distance Presbyopic Group 
Horizontal Grating 
(HG) 
CS variation  
[dB/D] 
Vertical Grating 
(VG) 
CS variation  
[dB/D] Significance † 
Axis 180  3.74 ± 1.16 Axis 90 6.24 ± 1.83 t(4)=-4.490 p=0.011 
Axis 90 1.28 ± 2.27 Axis 180 2.00 ± 2.26 t(4)=-1.218 p=0.290 
Significance‡ F(1,4)=11.899  p=0.026 Significance‡ 
F(1,4)=44.944 
p=0.003  
Near Cyclopleged Group 
Horizontal Grating 
(HG) 
CS variation  
[dB/D] 
Vertical Grating  
(VG) 
CS variation  
[dB/D] Significance † 
Axis 180  5.65 ± 1.03 Axis 90 4.90 ± 3.58 t(3)=0.370 p=0.736 
Axis 90 -0.48 ± 2.45 Axis 180 0.25 ± 0.79 t(3)=-0.459 p=0.677 
Significance‡ 
F(1,3)=38.784 
p=0.008 Significance‡ 
F(1,3)=9.945 
p=0.051  
Near Presbyopic Group 
Horizontal Grating 
(HG) 
CS variation  
[dB/D] 
Vertical Grating  
(VG) 
CS variation  
[dB/D] Significance † 
Axis 180  5.38 ± 2.78 Axis 90 5.78 ± 1.93 t(4)=-0.526 p=0.627 
Axis 90 3.25 ± 1.66 Axis 180 1.12 ± 1.20 t(4)=3.487 p=0.025 
Significance‡ 
F(1,4)=10.400 
p=0.032 Significance‡ 
F(1,4)=189.490  
p=0.000  
 
 
Analysis of the group effect for the four CS test conditions showed no effect between 
groups and no interaction between independent variables and group was found for the 
near vision condition, Table III.A.2. The only group driven differences were found at 
distance, namely a significant interaction between axis and group was found for vertical 
(F1,7=18.803 p=0.003) and horizontal (F1,7=17.629 p=0.004) gratings. This statistical 
relationship was associated with the difference in CS variation for the two groups, with 
the cyclopleged group having a variation 2.69× (HG 180 axis) and 1.71× (VG 90 axis) 
larger than that in the presbyopic group for the same condition. 
 
Table III.A.2 Statistical analysis regarding the effect of group on contrast sensitivity and 
interaction between group and the different independent variables. 
 Distance 
Horizontal 
Gratings 
Distance Vertical 
Gratings 
Near Horizontal 
Gratings 
Near Vertical 
Gratings 
Between Group 
Effect 
F(1,7)=4.527 
p=0.071 
F(1,7)=2.836 
p=0.136 
F(1,7)=1.212 
p=0.307 
F(1,7)=0.281 
p=0.613 
Power*Group 
Interaction 
F(1,7)=0.099 
p=0.762 
F(1,7)=0.161 
p=0.700 
F(1,7)=0.014 
p=0.908 
F(1,7)=2.902 
p=0.132 
Axis*Group 
Interaction 
F(1,7)=17.629 
p=0.004 
F(1,7)=18.803 
p=0.003 
F(1,7)=5.104 
p=0.058 
F(1,7)=0.060 
p=0.813 
Axis*Power* 
Group Interaction 
F(1,7)=0.001 
p=0.977 
F(1,7)=3.032 
p=0.125 
F(1,7)=1.427 
p=0.271 
F(1,7)=1.193 
p=0.311 
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III.A.4.1.2 Distance High and Low Contrast Visual Acuity 
 
Distance high and low contrast VA was measured for the two observers groups and the 
results expressed in terms of degradation are presented in Figure III.A.2. 
 
Both groups showed a constant decrease in VA with increasing cylindrical power, with 
the steepest degradation being observed for oblique and ATR astigmatic conditions 
either for HCVA and LCVA. On the other side optically induced WTR astigmatism was 
the condition showing flatter degradation for high and low contrast VA. The results are 
summarized on Table III.A.3. 
 
Table III.A.3 Distance high and low contrast VA degradation (logMAR/DC) for the cyclopleged 
and presbyopic groups. The values ±(SD) represent one standard deviation. 
 Axis 180 Axis 45 Axis 90 
Cyclopleged Group    
HCVA 0.052 ± 0.018  0.108 ± 0.046 0.108 ± 0.046 
LCVA 0.132 ± 0.046 0.173 ± 0.053 0.167 ± 0.056 
Presbyopic Group    
HCVA 0.081 ± 0.053 0.157 ± 0.047 0.188 ± 0.128 
LCVA 0.082 ± 0.038 0.135 ± 0.045 0.146 ± 0.057 
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Figure III.A.2 Distance high contrast VA (top) and low contrast VA (bottom) degradation for 
both groups of observers, for the three cylinder axis orientation. 
 
Table III.A.4 Statistical results regarding the effect of the two groups in distance HCVA and 
LCVA and the interactions of power and axis with groups. 
 
 
HCVA LCVA 
Between Group Effect F(1,8)=2.398 
p=0.160 
F(1,8)=1.205 
p=0.304 
Power*Group 
Interaction 
F(1,8)=0.047 
p=0.834 
F(1,8)=3.083 
p=0.117 
Axis*Group 
Interaction 
F(2,16)=0.446 
p=0.648 
F(2,16)=0.723 
p=0.500 
Axis*Power* Group 
Interaction 
F(2,16)=0.595 
p=0.563 
F(2,16)=0.673 
p=0.524 
 
No statistically significant effects or interactions between independent variables and 
groups were found, Table III.A.4, showing that astigmatic degradation in distance VA is 
independent of the group under study and reflects the results obtained for near VA 
below. 
 
 
 
 
+cylx45
+cylx180
+cylx9090
45
180
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III.A.4.1.3 Near High and Low Contrast Visual Acuity  
 
Visual acuity gain by increment of the cylindrical power is shown in Figure III.A.3, for 
three astigmatic axes (180, 45 and 90 degrees). The upper part of the graph 
represents near HCVA gain for the cyclopleged (left) and presbyopic (right) group and 
the lower graphs is a similar representation for near LCVA.   
 
 
Figure III.A.3 Near HCVA (top) and LCVA (bottom) gains for both groups of observers, 180, 45 
and 90 degrees represent the orientation of astigmatic compensation. Black data point 
represents the condition of total near correction. 
 
Table III.A.5 Statistical analysis regarding the effect of astigmatic power in the two groups for 
near HCVA and LCVA. Described are also the interactions power and axis with the two groups. 
 HCVA LCVA 
Between Group Effect F(1,8)=0.900 
p=0.921 
F(1,8)=1.888 
p=0.207 
Power*Group 
Interaction 
F(1,8)=16.202 
p=0.301 
F(1,8)=0.096 
p=0.765 
Axis*Group 
Interaction 
F(2,16)=0.568 
p=0.578 
F(2,16)=0.001 
p=0.975 
Axis*Power* Group 
Interaction 
F(2,16)=0.789 
p=0.471 
F(2,16)=0.174 
p=0.688 
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 As far as the effect of astigmatic correction on NVA was concerned no group effect 
was found for HCVA F1,8=0.900 p=0.921 or LCVA F1,8=1.888 p=0.207. Also non 
significant interactions were found between each independent variables (axis or/and 
power) and group as can be observed in Table III.A.5. These results indicate that the 
astigmatic conditions used induced VA gain rates which were independent of the 
group. Thus there was little or no evidence to show that the analysis of VA gain in the 
cyclopleged group could not be used to model the results of similar VA tasks in the 
presbyopic group. 
  
Similarly for the two groups the maximum gain in VA was obtained when full near 
correction was used (+3.00 DS). For HCVA, cyclopleged and presbyopic groups 
registered an increment in VA of 0.484 ± 0.050 and 0.460 ± 0.230 logMAR units, 
respectively. A slightly lower gain was obtained in LCVA for the cyclopleged group 
0.390 ± 0.069 logMAR but the presbyopic sample showed a similar rate, 0.466 ± 0.160 
logMAR, comparable with HCVA gain.  
 
For the astigmatic compensation, 180 degrees oriented positive astigmatic lenses 
(optically-induced WTR astigmatism) produced the lowest gain in HCVA (cyclopleged: 
0.074 ± 0.034 logMAR/D and presbyopic: 0.086 ± 0.077 logMAR/D), and LCVA 
(cyclopleged: 0.065 ± 0.021 logMAR/D and presbyopic: 0.104 ± 0.042 logMAR/D). The 
highest gains were obtained in both groups using 90 degrees oriented positive 
cylinders (optically induced ATR astigmatism) (HCVA cyclopleged: 0.131 ± 0.078 
logMAR/D and presbyopic: 0.156 ± 0.049 logMAR/D; LCVA cyclopleged: 0.118 ± 0.062 
logMAR/D and presbyopic: 0.152 ± 0.057 logMAR/D), followed closely by 45 degrees 
oriented cylinders (oblique astigmatism). 
 
 
III.A.4.1.4 Reading Performance 
 
Variations of four reading speed parameters (TPS, AUC, RA and MRS) for the different 
refractive conditions and two subjects groups are presented in Figure III.A.4.  
 
Regarding the effect of group on the four analysed parameters, no statistically 
significant effect was found, Table III.A.5. This indicates that the cyclopleged group had 
an overall reading performance similar to the presbyopic group when refractive power 
and axis orientation were not specified in the analysis. When the interactions of the 
independent variables in the groups were analysed, AUC and TPS showed a 
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statistically significant interaction between power and group F1,8= 16.771 p=0.031 and 
F1,8=0.404 p=0.024, respectively. This effect was related to the low gain gradient 
(sometimes even negative) between 1.00 and 2.00 DC in the cyclopleged group (F1,4= 
0.351 p=0.585 for AUC and F1,4= 0.299 p=0.613 for TPS) compared with the greater, 
and always positive, gradient found in the presbyopic group (F1,4= 12.697 p=0.023 for 
AUC and F1,4= 11.411 p=0.028 for TPS). Our young cyclopleged group only sometimes 
benefitted from additional astigmatic reading power in maintaining their maximum 
reading speed to smaller print sizes.   
 
Table III.A.6 Statistical analysis regarding the effect of group and interaction of variables with 
group in reading performance. 
 AUC TPS MRS RA 
Between Group 
Effect 
F(1,8)=1.413 
p=0.269 
F(1,8)=0.163 
p=0.697 
F(1,8)=0.004 
p=0.949 
F(1,8)=0.001 
p=0.976 
Power*Group 
Interaction 
F(1,8)=6.771 
p=0.031 
F(1,8)=7.671 
p=0.024 
F(1,8)=0.335 
p=0.579 
F(1,8)=2.828 
p=0.131 
Axis*Group 
Interaction 
F(2,16)=0.126 
p=0.882 
F(2,16)=0.404 
p=0.674 
F(2,16)=0.883 
p=0.433 
F(2,16)=0.583 
p=0.569 
Axis*Power* 
Group Interaction 
F(2,16)=2.655 
p=0.101 
F(2,16)=3.643 
p=0.050 
F(2,16)=0.127 
p=0.881 
F(2,16)=4.418 
p=0.030 
 
All parameters except MRS showed the highest gain rates when total near correction 
was used to perform the reading task. Also, maximum reading speed did not 
demonstrate any significant or regular variation with any astigmatic correction used.       
 
For AUC, TPS and RA, induction of ATR astigmatism produced the greatest 
improvement in reading performance compared with simulated WTR or oblique 
astigmatism. The three parameters were 2.05×, 1.76× and 2.33× higher with 90 
degrees axis for the cyclopleged group and 1.68×, 1.97× and 1.57× for the presbyopic 
group, compared with 180 degrees condition. The lack of linearity observed in AUC, 
TPS and RA at 180 and 45 axes in the cyclopleged group however, may not represent 
accurately the effect of astigmatic power on reading performance in this group, 
because a monotonic function would be the expected result over the range of powers 
tested.  
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Figure III.A.4 Reading speed parameters, threshold print size (TPS), area under the curve 
(AUC), maximum reading speed (MRS) and reading acuity (RA) for the two observers group. 
Results are expressed in terms of gain.  
 
 
A statistically significant interaction between axis, power and group was found for TPS 
(F2,16= 3.643 p=0.050) and RA (F2,16= 4.418 p=0.030). This may be explained by the 
similarity in TPS (F2,8= 1.134 p=0.369) and RA (F2,8= 1.014 p=0.405) gain between 
1.00 DC and 2.00 DC for the three axis orientations found in the presbyopic group, 
which contrasts with the variability presented by the cyclopleged group for TPS (F2,8= 
12.813 p=0.003) and RA (F2,8= 68.681 p=0.000). The presbyopic group showed a 
monotonic increase in gain at the three axis orientations, whereas the cyclopleged 
group showed a similar trend only for the ATR astigmatic condition.  
 
The interactions in reading speed performance between power and group were most 
probably associated with experimental conditions, particularly the accommodation 
control in the cyclopleged group, rather than resembling a true difference in group 
nature. However the present study aimed to predict the real gain in reading speed 
performance for a group of observers similar to the ones enrolled in the presbyopic 
group, therefore a conservative position was adopted for this set of data and only 
reading speed results from the presbyopic group will were used to model reading 
performance.   
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III.A.4.2 Visual Performance Model of the Presbyopic Group  
 
An overall analysis for the different vision performance tests showed that only distance 
and near VA outcomes of cyclopleged subjects were unflawed as predictors of VA for 
the presbyopic group. Reading speed parameters and contrast sensitivity of the 
cyclopleged group were therefore not be used to simulate visual performance of the 
presbyopic group. Therefore the final model to analyse the effect of astigmatic blur for 
distance and near visual performance of presbyopic group, included the reading speed 
and CS data from the five presbyopic participants. Visual acuity data from the 
cyclopleged group however, was averaged with the presbyopic data to predict the 
astigmatic power effect for distance and near VA.  
 
 
III.A.4.2.1 Near and Distance Contrast Sensitivity  
 
Variation of contrast sensitivity as a function of astigmatic power for horizontal (HG) 
and vertical gratings (VG) showed a significant effect between the two astigmatic axes 
(180u90 deg) at near (HG: F1,4= 78.013 p=0.045 and VG F1,4= 382.273 p=0.000) and 
distance (HG: F1,4= 14.948 p=0.018 and VG: F1,4= 40.522 p=0.003), Figure III.A.5. This 
finding was expected since for horizontal or vertical gratings and in the presence of 
either WTR or ATR astigmatism, only one astigmatic axis will produce a variation in 
expected retinal contrast. The orthogonal axis will not influence the level of grating 
detection. 
 
From Figure III.A.5, the axes’ ratio of CS variation per dioptre was different for the two 
near conditions and for the two far distance ones. This was probably related to the 
small number of subjects involved in the CS evaluation and to the high variability in 
mean values. All participants were new to CS measurements. 
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Figure III.A.5 Contrast sensitivity variation per dioptre of astigmatic power: (left) near CS gain;  
(right) distance CS degradation.  
 
Astigmatic power (1.00 D u 2.00 D) produced a significant effect in CS variation at near 
(VG F1,4= 14.232 p=0.012) and distance (HG F1,4= 55.223 p=0.002 and VG F1,4= 
24.915 p=0.008). For near viewing, the effect of different astigmatic powers was 
compared with the baseline condition (blur) and with total (+3.00 DS) near correction, 
Figure III.A.6. Possibly the most striking finding was the absence of statistical 
difference between +2.00 DC and +3.00 DS found for HG with +2.00u180 and for VG 
with +2.00u90, although the mean CS values for the +2.00 DC lens were lower than 
the +3.00 DS values. For distance CS with the axis orientation orthogonal to the grating 
direction, no statistically significant difference from the distance corrected condition 
was noted. This effect was based on the unidirectional influence of astigmatic power on 
grating detection. However for near CS this was not obtained, more so for the 
horizontal grating condition, where contrast sensitivity varied in the presence of the two 
astigmatic powers.  
 
Table III.A.7 Statistical analysis for near and distance CS comparing contrast thresholds of 
equal power and different axes. 
 NEAR Contrast Sensitivity   
Horizontal Gratings Vertical Gratings 
180 u 90 +1.00 F(1,4)=2.313 p=0.203 180 u 90 +1.00 F(1,4)=29.139 p=0.006 
 +2.00 F(1,4)=9.424 p=0.037  +2.00 F(1,4)=53.778 p=0.002 
DISTANCE Contrast Sensitivity  
Horizontal Gratings Vertical Gratings 
180 u 90 +1.00 F(1,4)=19.962 p=0.011 180 u 90 +1.00 F(1,4)=24.390 p=0.008 
 +2.00 F(1,4)=8.547 p=0.043  +2.00 F(1,4)=41.304 p=0.003 
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Astigmatic orientation produced statistically significantly different threshold values for 
each refractive power, as can be observed in Table III.A.7, graphically represented in 
Figure III.A.6. Only one condition (near CS HG) with +1.00 DC did not reached 
significance, even though CS threshold obtained with +1.00u180 was higher than with 
the 90 degrees lens.  
 
 
Figure III.A.6 Contrast sensitivity variation for distance (top) and near (bottom) vision. Statistical 
analysis represents the points of interest. 
 
The variation of contrast threshold produced by astigmatic defocus in gratings of 
parallel orientation showed a similar effect to the one produced by spherical defocus. 
This fact can be seen in Figure III.A.6 with the dashed black line, corresponding to the 
variation in contrast threshold using spherical defocus, fitting closely to the lines 
representing threshold variation in the presence of astigmatism. 
 
 
III.A.4.2.2 Near and Distance High and Low Contrast Visual Acuity 
 
Averaged data for the two groups of observers used to predict visual acuity for the 
presbyopic model are shown in Figure III.A.7 (a) for near HCVA (top) and LCVA 
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(bottom). A statistically significant effect of astigmatic power (+1.00 u +2.00) was found 
for both conditions, HCVA (F1,8= 16.899 p=0.003) and LCVA (F1,8= 8.993 p=0.017), 
indicating that refractive power influences VA independently of astigmatism type. 
Furthermore VA measured with +1.00 DC at any of the three axis orientations was 
statistically different from the blur condition VA (i.e. distance corrected), Table III.A.8, 
indicating that small amounts of astigmatic correction produce a small but significant 
improvement in VA. On the other hand, VA results attained when using total near 
spherical correction +3.00 DS (i.e. no blur) were statistically superior to the VA 
outcomes achieved using +2.00 D astigmatic lens for any of the axes, Table III.A.8.    
 
Near  
 
 
 
(a) (b) 
Figure III.A.7 (a) Near high and low contrast VA variation with astigmatic power for three axis 
orientations 180, 45, 90 (b) Representation of VA variation in terms of gain per dioptre.   
 
Figure III.A.7(b) is the representation of the line slope for each orientation in figure 
III.1.5a and therefore represented in terms of gain per dioptre. Error bars were 
determined by calculating the gain per dioptre for each individual subject. Against-the-
rule astigmatism (90 degrees) produced the highest gain compared with WTR (HCVA 
2.37u and LCVA 1.62u) and oblique (HCVA 1.71u and LCVA 1.50u) astigmatic 
conditions. Nevertheless a statistically significant difference was only found between 
180 and 90 degrees axes for HC and LCVA. Full spherical correction gave the highest 
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gain per dioptre, which compared closely to the ATR condition (HCVA 1.09u and LCVA 
1.05u).   
 
Table III.A.8 Statistical analysis for near and distance VA comparing astigmatic correction with 
conditions with total blur (near) or in the absence of blur (near and distance).  
 NEAR High Contrast VA NEAR Low Contrast VA 
Blur × +1.00@180 F(1,8)=21.586 p=0.002 Blur × +1.00@180 F(1,8)=40.092 p=0.000 
 +1.00@45 F(1,8)=21.221 p=0.002  +1.00@45 F(1,8)=22.050 p=0.000 
 +1.00@90 F(1,8)=20.699 p=0.002  +1.00@90 F(1,8)=14.816 p=0.005 
No Blur × +2.00@180 F(1,8)=29.193 p=0.001 No Blur × +2.00@180 F(1,8)=61.546 p=0.000 
 +2.00@45 F(1,8)=37.727 p=0.000  +2.00@45 F(1,8)=43.473 p=0.000 
 +2.00@90 F(1,8)=9.803 p=0.014  +2.00@90 F(1,8)=10.297 p=0.012 
DISTANCE High Contrast VA DISTANCE Low Contrast VA 
Blur × +1.00@180 F(1,8)=28.502 p=0.001 Blur × +1.00@180 F(1,8)=21.176 p=0.002 
 +1.00@45 F(1,8)=26.039 p=0.001  +1.00@45 F(1,8)=25.554 p=0.001 
 +1.00@90 F(1,8)=17.455 p=0.003  +1.00@90 F(1,8)=38.551 p=0.000 
 
A monotonic degradation in distance VA was observed for high and low contrast 
conditions as function of astigmatic power, Figure III.A.8 (a). Similar to near vision, a 
statistically significant difference between astigmatic power (+1.00 u +2.00) was found 
for HCVA (F1,8= 68.125 p=0.000) and LCVA (F1,8= 64.343 p=0.000), demonstrating the 
deterioration in VA with increasing astigmatic power. Furthermore, VA measured using 
+1.00 DC lens at any of the three axis orientations differed statistically from the 
distance corrected VA, Table III.A.8, reflecting the effect of astigmatic blur even for 
small astigmatic powers. 
 
Degradation in VA per dioptre of astigmatic error showed a greater effect for ATR and 
oblique astigmatism compared with WTR astigmatism, Figure III.A.8 (b). For HCVA, the 
decrease in VA was 2.0× and 2.3× higher for oblique and ATR astigmatism 
respectively, than for WTR astigmatism. For LCVA the degradation inflicted by the 
different astigmatic axes were ~1.46× stronger for ATR and oblique astigmatism than 
the effect produced by WTR astigmatism.    
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Distance  
 
 
 
 
 
 
(a) (b) 
Figure III.A.8 (a) Distance high and low contrast VA variation with astigmatic power for three 
axis orientations 180, 45, 90 (b) Representation of VA variation in terms of degradation per 
dioptre.   
 
 
 
III.A.4.2.3 Reading Performance 
 
As far as astigmatic power was concerned, statistically significant results were found 
for three (AUC F1,4= 21.321 p=0.010, TPS F1,4= 16.622 p=0.015 and RA F1,4= 27.103 
p=0.006) of the four reading speed parameters analysed. Astigmatic power did not 
produce any statistically significant effect in MRS as can be seen by the lack of 
variation in MRS gain with astigmatic power and large standard deviations present in 
each condition, Figure III.A.9. Comparison of reading performance (AUC, TPS and RA) 
parameters for the total blur condition with +1.00 DC resulted in the absence of a 
statistically significant difference for AUC in the presence of WTR astigmatism. Also 
+1.00u45 (oblique astigmatism) failed to reach statistical significance for AUC, TPS 
and RA, Table III.A.9. This finding suggests that WTR and oblique astigmatism have a 
weak effect in increasing reading performance, contrasting with ATR astigmatism 
which provides a statistically significant improvement. Furthermore, increasing 
astigmatic power to +2.00 DC improved the overall reading performance but did not 
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achieve a reading speed as fast as the one attained when the full near correction was 
used. This was verified for the majority of parameters and astigmatic axes.  
 
Table III.A.9 Statistical analysis for in reading performance (AUC, TPS and RA), (upper part) 
comparing when absence of near correction (blur) versus +1.00 DC and (bottom part) when 
near correction is used (no blur +3.00DS) versus +2.00 DC.    
NEAR reading performance  
  AUC TPS RA 
Blur × +1.00@180 F(1,4)=4.121 p=0.112 F(1,4)=8.964 p=0.040 F(1,4)=10.713 p=0.031 
 +1.00@45 F(1,4)=2.068 p=0.224 F(1,4)=2.657 p=0.178 F(1,4)=5.894 p=0.072 
 +1.00@90 F(1,4)=9.356 p=0.038 F(1,4)=11.653 p=0.027 F(1,4)=13.191 p=0.022 
No Blur × +2.00@180 F(1,4)=125.146 p=0.000 F(1,4)=73.504 p=0.001 F(1,4)=131.101 p=0.000 
 +2.00@45 F(1,4)=45.893 p=0.002 F(1,4)=51.340 p=0.002 F(1,4)=42.3003 p=0.003 
 +2.00@90 F(1,4)=12.609 p=0.024 F(1,4)=7.084 p=0.056 F(1,4)=9.695 p=0.036 
  
The highest gain per dioptre of astigmatic correction was found for AUC, TPS and RA 
with the ATR astigmatic condition, Figure III.A.9. This performance only differed 
significantly from the WTR condition for TPS. The improvement in AUC, TPS and RA 
per dioptre of astigmatism was 1.96×, 2.37× and 1.62× higher in the presence of ATR 
astigmatism compared with when WTR astigmatism was used.  
 
Figure III.A.9 Reading speed parameters (TPS, RA, AUC and MRS) gain per dioptre of 
astigmatic power, each bar corresponds to a particular axis orientation.   
 
Spherical correction provided the strongest gain per dioptre compared to WTR and 
oblique astigmatism with the results being statistically different. Although the gain rate 
achieved with spherical correction was consistently higher for TPS, RA and AUC 
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compared to ATR astigmatic condition, the values were relatively close (TPS 1.17u, RA 
1.18u and AUC 1.31u).    
 
III.A.4.2.4 Overall Near and Distance Performance 
 
The overall influence of the three different astigmatic axes in TPS, AUC, RA, HCVA 
and LCVA can be seen in terms of relative gain (gain for each condition divided by the 
gain when full near correction is present) for +1.00 DC and +2.00 DC in Figure III.A.10 
(a) and (b) respectively. The area within the black lines represents the maximum near 
vision gain. The origin corresponds to the condition where no near correction, neither 
spherical nor astigmatic, was used. The unit values are indicative of the condition 
where total near correction was used, producing the highest near visual scores.  
 
For +1.00 DC, all parameters have similar performance among the three axes, with no 
statistically significant effect being reached for any tested parameter. For the +2.00 DC 
power, ATR astigmatism (90 degrees) was distinguished from the other two 
orientations by showing a medium relative gain 0.575 ± 0.058 [0.516 (AUC); 0.669 
(HCVA)], slightly higher than half of the maximum gain. Despite the general 
improvement in all five parameters, only HCVA showed a statistical effect between 180 
and 90 degrees orientations F1,8= 9.222 p=0.016.  
 
 
(a) (b) 
Figure III.A.10 Near vision performance for five parameters, AUC, TPS, RA, HCVA and LCVA, 
blue, green and red lines represent the three axis orientation, 180, 45 and 90 respectively. The 
black line delimits the maximum area of near performance, given by the gain obtained with total 
near correction. 
 
The effect of axis orientation was felt more through distance HC and LCVA than for 
near VA. Distance VA using a +1.00 DC showed interactions for 180u45 axes (HCVA: 
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F1,8= 9.152 p=0.016; LCVA: F1,8= 8.203 p=0.021) and 180u90 axes (HCVA: F1,8= 5.685 
p=0.044). Similarly for +2.00 DC, significant interactions were found for 180u45 axes 
(HCVA: F1,8= 8.153 p=0.021; LCVA: F1,8= 11.643 p=0.009) and 180u90 axes (HCVA: 
F1,8= 10.442 p=0.012; LCVA: F1,8= 14.045 p=0.006). These findings demonstrate the 
higher degradation caused by 45 and 90 degrees astigmatic orientations compared to 
the 180 degrees axis, Figure III.A.8 (b), even in the presence of small amounts of blur. 
 
 
III.A.5 Discussion 
 
The aim of the present study was initially to investigate the influence of different 
astigmatic axis orientations on near and distance visual performance in a group of 
participants who either were or who resembled a population of pseudophakic patients. 
Psychophysical data obtained from visual acuity, reading speed and contrast sensitivity 
from two groups of participants was used to provide an estimation of the benefits and 
impairments induced by optically-simulated astigmatic blur. These two groups were 
initially considered representative of pseudophakic patients due to the inability to exert 
accommodation, which was pharmacologically blocked in the designated cyclopleged 
group and naturally or surgically nonexistent in the defined presbyopic group. 
 
Summarising the methodology, the participants used their best distance correction and 
two different positive astigmatic powers (+1.00 and +2.00D) were used at three axis 
orientations (180, 45 and 90 degrees), simulating WTR, oblique and ATR astigmatism, 
respectively. By introducing the astigmatic powers over the best distance correction, 
distance vision performance decreased as result of the directional blur related to the 
displacement of one focal line to a myopic position. The opposite effect was found for 
near tasks, which benefited from the uni-meridional myopic shift leading to an 
improvement in near vision performance. The main outcomes of the study as far as the 
influence of the type of astigmatism is concerned were as follows: 
 
x Astigmatic blur for the three different types of astigmatism produced an almost 
linear decrease in distance visual performance, with oblique and ATR astigmatism 
showing stronger effects. 
x Near VA, AUC, TPS and RA, indicators of near visual performance showed 
improvements with increasing astigmatic power with ATR astigmatism performing 
better than WTR or oblique astigmatism. 
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x Consistent and monotonic variations in contrast sensitivity were found as function of 
astigmatic blur for far and for optically simulated near vision.  
 
 
III.A.5.1 Cyclopleged Subjects as a Model to Predict Visual Performance in 
Late Presbyopic Subjects 
  
The selection of the presbyopic group was intended to resemble as closely as possible 
the characteristics of a group of pseudophakic subjects. This was to allow the 
exploration of the influence of astigmatic blur in presbyopes and therefore potentially 
predict the results in pseudophakic subjects. There were differences between the 
group of presbyopes and the group of cyclopleged pre-presbyopes and these 
contributed to the statistically significant differences found in the results. There may 
also have been differences between pseudophakes and absolute presbyopes, such as 
the difference in the optical characteristics of the selected presbyopic group compared 
to pseudophakic subjects. The shape of the crystalline lens, compared to the shape of 
an IOL, leads to an inevitable difference in ocular higher order aberrations (Amano et 
al., 2004). A second possible difference related to the presence of the degree of lens 
opacity present in the all phakic subjects which would not happen in pseudophakic 
subjects. To minimise the influence of these two factors the inclusion criterium 
regarding lens opacity was made stricter and two of the participants were already 
pseudophakes. Furthermore the absence of natural accommodation in the three 
presbyopic phakic participants allowed reproduction of the test conditions, i.e. natural 
pupil size, that was then used in future studies.  
 
Another group of younger participants was also included with the aim of analysing the 
same optical effect. Because this group of participants still had considerable amounts 
of accommodative amplitude, this was pharmacologically blocked and the pupil 
artificially standardised to 3.0 mm. Therefore the test and ocular conditions for the two 
groups should not be considered equal and possible differences in visual performance 
may have taken place so that the cyclopleged group could only be considered a limited 
model for presbyopic and pseudophakic visual performance under restricted 
circumstances.  
 
Distance and near VA variations as a function of astigmatic power using high and low 
contrast charts, provided results that were comparable between the two groups. 
Considering VA, participants responded in a similar way to the influence of power as 
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well as astigmatic axis. The existence of possible differences regarding the blur disc 
size on the retina as a product of different pupil sizes in both groups and other factors 
such as higher order aberrations and light scatter seem to have had a weak effect 
compared to the main effect of the refractive manipulations. Furthermore the choice of 
a 3.0 mm pupil was close to the natural pupil size of the presbyopic group and the 
difference in ocular higher order aberrations for the two groups may have played a 
minimal effect at this relatively small pupil size. Strong low order ocular aberrations, as 
was the case with introduction of astigmatic defocus, would have been less affected by 
pupil size. Other factors may have contributed to the similar effect of astigmatic blur on 
VA, such as the similarity in baseline VA scores for both groups allowing VA levels 
tested to be affected equally by blur. The simplicity and ubiquity of VA measurements 
meant that both groups were familiar with the process of measurement and made it a 
task that was similar in cognitive demand for all participants. The similarity of the 
absolute mean VA values for distance and near with best distance correction, as well 
as similar effects of astigmatic blur in both groups, allows the data from the cyclopleged 
group to be used as an effective predictor of presbyopic visual performance.  
 
For reading speed the groups failed to show the same behaviour for three of the four 
analysed parameters. In the cyclopleged group TPS, RA and AUC presented a 
decrease in gain for the +2.00 DC condition at 180 and 45 degrees compared with 
+1.00 DC condition. This contrasted with the monotonically increasing values found for 
the ATR astigmatic condition in the same group and for the three axis orientations in 
the presbyopic group, which corresponded to what would be predicted by theory. 
Theoretically and as seen for VA, the increase of astigmatic power should have 
produced an improvement in reading speed performance, because the increment of 
astigmatic power should have shorten the distance of the most myopic meridian from 
the retina, resulting in a smaller blur disc size and therefore an expected higher VA. 
The decrease in reading performance for the WTR and oblique astigmatic conditions 
may be explained by oscillations in the position of the focal point nearest the retina, 
especially likely for the +2.00 DC. These oscillations, produced by a poor quality image 
and lack of total block of accommodation, may have caused an image that was variable 
in terms of defocus, slowing down the reading performance by making it more difficult 
to consistently discriminate the small printing sizes over a period of time, thus affecting 
TPS and RA. In the case of the ATR astigmatic condition, because the directionality of 
blur may have provided a superior clarity of image compared with the other 
orientations, a more stable image position (more stable accommodation) may have 
been achieved. This greater clarity achieved with ATR astigmatism in near vision would 
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be associated with to the improved focus of vertical strokes, which is the dominant 
direction in lower-case Roman alphabet and to the vertical defocus of letters that 
benefits from the increased spacing between lines (Rabbetts, 2007). Therefore in the 
presence of +2.00×90 lens the image would tend to be more stable and so increase the 
reading performance. Because the presbyopic group elements were unable to use any 
accommodation this phenomenon could not take place, hence demonstrating the real 
effect of myopic astigmatism in reading speed for pseudophakic eyes. It should also be 
noted for ATR astigmatism cyclopleged and presbyopic groups showed similar gain 
rates a0.12 logMAR/D for RA and TPS, Figure III.A.4, suggesting that the cyclopleged 
group could have been a useful model to predict reading performance in the older 
group for this axis orientation.    
 
Maximum reading speed did not show any significant improvement with a decrease in 
retinal blur for either of the two groups. Even when total near correction (+3.00DS) was 
used, maximum reading rate did not differ from the total blur condition. This result 
contrasts with the decrease of a23% found by Chung et al. (2007), when reading speed 
was measured with 3.00 DS of defocus. It is not surprising that for the present study 
MRS was found to be relatively constant for the astigmatic conditions since the blur 
effects were small compared with the maximum blur condition. Also, analysing the 
astigmatic defocus in terms of spherical equivalent it represented a low spherical power 
(+0.50 DS and +1.00 DS) which was also found not to affect MRS.     
 
For contrast sensitivity, a general agreement between groups was found regarding the 
influence of the two different astigmatic axis orientations on either vertical or horizontal 
gratings. For far distance CS however, the cyclopleged group seemed to be more 
sensitive to defocus than the presbyopic group for both grating orientations. This effect 
can be related with the decreasing on CS with age for in-focus conditions (CS in-focus: 
Cyclopleged: HG:31.6 r 7.3 dB, VG: 32.0 r 2.8 dB; Presbyopic: HG:19.6 r 6.0 dB, VG: 
21.2 r 3.7 dB) and due to a decreased effect of defocus with age Nio et al. (2000). For 
simulated near vision the same age effect in CS variation with blur was not found, with 
both groups presenting similar gains a5 dB/D with decreasing astigmatic blur. This gain 
rate was similar to the one obtained by the presbyopic group for distance CS which 
indicates a similar influence of optical defocus at distance and near CS in the 
presbyopic group.  
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By choosing the present presbyopic group as a model to predict the effects of optical 
blur in CS, the effect of blur in CS may be underestimated. It is expected that after 
cataract surgery an overall increase in the CSF function curve would take place (Rubin 
et al., 1993) increasing the difference between the levels of CS in the presence of 
defocus and therefore increasing the gain for near vision but also inducing a higher 
degradation for distance. 
 
I.A.5.2 Visual Performance Model of the Presbyopic Group 
 
A general benefit of ATR astigmatism with respect to improvement in near vision 
performance was obtained for near VA and reading speed, Figure III.A.10, supporting 
the idea of improved near vision in pseudophakic patients with refractive ATR 
astigmatism (Trindade et al., 1997, Nagpal et al., 2000, Nanavaty et al., 2006). 
Although for +2.00DC, Figure III.A.10 (b) statistical significance was only reached for 
HCVA between WTR and ATR astigmatism, a consistent increase in letter 
discrimination threshold using VA and reading speed charts was also seen. Whilst for 
+1.00 DC axis appeared to have a small effect on visual performance because iso-
axial lines would be closely positioned, a larger separation was seen for the 90 degrees 
line compared with 180 and 45 degrees lines. The lack of a statistically significant 
effect may have been related to the reduced number of participants in the pilot study 
because the cyclopleged group could not be used as an effective model for the late 
presbyopic group.  
 
Against-the-rule astigmatism produced, for both near HCVA and LCVA, an increase of 
0.12 logMAR/D, Figure III.A.7. This was statistically significantly different from the gains 
observed for WTR but not for oblique astigmatism, although both gain rates were 
similar, at 0.08 logMAR/D. Remon et al. (2006) simulated different astigmatic errors 
(power and axis) without control of accommodation, and they argued that variations in 
VA produced by different axis orientations were minimal among the tested axes, hence 
rejected the influence of axis orientation on VA. Although no statistical analysis was 
presented and the number of participants was smaller than that one used in the 
present pilot study, it can be seen from their data that particular astigmatic orientations 
consistently produced lower variations in VA.  
 
It has been demonstrated that letter identification is dependent on the first zero of the 
system OTF, hence being dependent on the refractive error and with modulation 
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reversals after the first zero not affecting letter discrimination (Akutsu et al., 2000). This 
effect is known to be symmetrical across the pupil in the presence of spherical errors, 
with the first zero always being reached at the same spatial frequency. In the presence 
of astigmatism however, the OTF will reach zero at different orientated spatial 
frequencies dependent on the power and axis of astigmatism. This, combined with the 
directional asymmetry of the letters, could produce a variable effect of astigmatic blur 
for different letters. As an example, the letter Z would probably have a lower 
discrimination compared with letter the H in the presence of astigmatism, where the 
OTF in the horizontal meridian reached zero at a lower spatial frequency than in the 
vertical meridian. Guo and Atchison (2010), using an adaptive optics system, evaluated 
the influence of simple astigmatism on optical blur tolerance in letters. They found that 
the blur limits for cylinder were 50% greater than for defocus when this was evaluated 
using Sloan-type letters and 30% higher when text was used. The authors also 
reported significant variations in blur tolerance, dependent on the astigmatic blur 
orientation.     
 
An almost equivalent effect to that seen in near VA was observed for distance VA, 
Figure III.A.8, regarding the variation in VA produced by ATR astigmatism a0.16 
logMAR/D for HCVA and LCVA, but for distance the variation is represented as a 
degradation. This variation was significantly higher than the degradation produced by 
the presence of WTR astigmatism (0.07 logMAR/D for HCVA and 0.11 logMAR/D for 
LCVA). Oblique astigmatism also showed a statistically significantly greater 
degradation compared to the WTR astigmatism. 
 
Equivalent gain rates to VA were found for TPS and RA in the presence of ATR 
astigmatism (a0.125 logMAR/D and a0.075 logMAR/D for WRT and oblique 
astigmatism, respectively). The general performance in reading speed calculated by 
the estimation of the area under the reading speed curve demonstrated the same 
behaviour as the other two reading parameters. As referred to in section III.A.5.1, MRS 
was not affected by the presence of astigmatic defocus up to 2.00D nor spherical 
defocus up to 3.00D, probably because of the range of print sizes used in the reading 
task and that were well above the TPS values determined.  
 
The gain in VA and reading speed parameters was similar for the three types of 
astigmatism tested, which indicated that interaction between axis orientation and letter 
directionality was probably the main factor driving improved letter discrimination. A 
higher difference in gain rates between VA and reading speed material however would 
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be expected for the 180 axis orientation, because of the narrower separation between 
letters in reading paragraphs compared with VA lines (Rabbetts, 2007). The horizontal 
defocus induced by WTR astigmatism would contribute to an increased overlap of the 
letters and therefore produce a lower gain rate in TPS and RA in the WTR condition.    
 
Oblique astigmatism showed similar gaining rates to WTR astigmatism for near VA 
(HCVA: 0.05 logMAR/D, LCVA: 0.07 logMAR/D) and reading speed (TPS: 0.07 
logMAR/D, RA: 0.07 logMAR/D), however for distance VA the degradation rate 
resembled ATR variation (HCVA: 0.13 logMAR/D, LCVA: 0.16 logMAR/D). This result 
points out possible interactions between the dominant directions in the detail of the 
letters with the orientation of astigmatic blur disc. In the presence of a simple oblique 
astigmatism, the most blurred and in focus meridians are both orthogonal oblique 
orientations. This emphasises the blur effect in either horizontal or vertical strokes 
which are the dominant orientations in Roman alphabet, contributing to a greater 
blurring effect of the letters. Furthermore the lower sensitivity present in the oblique 
meridian as a result of the neuronal oblique effect may also contribute to a decreased 
sensitivity in detecting detail in these meridians (Campbell et al., 1966).  
 
Up to now the role of oblique astigmatism in pseudophakic patients has not been 
clearly defined. Some studies arguing about the role of astigmatism in providing 
pseudophakic pseudoaccommodation, report considerable numbers of patients with 
oblique astigmatism achieving good visual outcomes for distance and near (Ravalico 
and Baccara, 1990, Nanavaty et al., 2006).    
 
As far as contrast sensitivity is concerned, the variation of 5dB/D encountered in CS as 
function of blur for the presbyopic group, may be underestimating the real effect of blur 
in CS in pseudophakic subjects. A higher variation in CS as a function of blur would to 
some extent be beneficial in near and distance vision, considering that some 
orientations would have an increased contrast sensitivity with a lower dioptric power. 
The higher sensitivity to blur however could lead, even in the presence of small 
amounts of astigmatic defocus, to an accentuated directional distortion in the image.      
 
By relating the degradation and gain rates determined for the different types of 
simulated astigmatism with the average VA of the participants, it was possible to 
determine the VA level induced by a particular astigmatic correction. The average 
HCVA encountered using best corrected distance refraction was for distance -
0.09±0.09 logMAR and for near 0.4105 ± 0.09 logMAR (aJ5 or aN7). In this way 
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considering a pseudophakic refraction of +2.00u180, defined as WTR astigmatism, the 
distance VA would be degraded up to approximately 0.1 logMAR for distance and 
improved up to J3 or N5 for near. For the same astigmatic power but oriented at 90 
degrees, simulating an ATR astigmatism, the VA levels would be different with VA 
decreasing up to a0.2 logMAR and near vision being improved up to J2 or slightly 
higher than N5. 
 
The earlier predictions were generally in agreement with previous studies reporting 
visual acuity outcomes in pseudophakic patients with similar degrees and types of 
astigmatism. Trindade et al. (1997) reported for their ATR astigmatic group, mean 
distance VA ≥ 6/12 and for near 90% of this group elements achieved VA ≥ J2 
compared with their WTR group where only 80% of the participants had VA ≥ J6. 
Nagpal et al. (2000) reported that in a group of 40 participants with ATR astigmatism 
comprised between 0.50 and 2.50D, 89% had near VA ≥ N9 (aJ7) compared with the 
same size WTR group where only 25% achieved this VA level. Also, from Nagpal’s 
study, 30% of their ATR astigmatic participants had distance VA ≥ 6/7.5 compared with 
12.5% in the WTR group, which favours the ATR astigmatism compared with WTR also 
for distance vision.  
 
 
III.A.5.3 Summary 
 
The data presented in this pilot study seemed to confirm the role of different types of 
astigmatism in inducing pseudophakic pseudoaccommodation in agreement with 
previous literature. Myopic astigmatism was able to partially restore near visual 
performance, but associated with a decrease in distance VA. Varying the astigmatic 
axis changed the visual performance variation rates with ATR astigmatism favouring 
near tasks, while distance tasks suffered less degradation with WTR astigmatism.   
 
 An extended and more robust study will be conducted, firstly to determine the full 
extent of the effect of different types of astigmatism on near and distance VA as well as 
other visual tasks in a pseudophakic population, and secondly to calculate the visual 
performance results tolerances required to make it a clinical viable alternative. 
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Chapter III 
 
III.B Distance and Near Visual Performance in 
Pseudophakic Subjects  
 
 
II.B.1 Aim 
 
This chapter analyses the effect of different refractive conditions on visual performance 
for distance and near vision, in pseudophakic subjects. Based on previous 
investigations that suggested myopic astigmatism as a useful post-operative refraction 
to enhance near vision, the costs and potential benefits of spherical and simple myopic 
astigmatic errors on vision are assessed using letter discrimination tasks (visual acuity) 
and reading performance.     
 
 
II.B.2 Introduction 
 
Implantation of a monofocal IOL is the standard procedure to restore vision clarity 
during cataract surgery, in the developed (Jaycock et al., 2009) and developing world 
(Brian and Taylor, 2001). The surgical procedure with consequent restoration of image 
clarity is considered by the patients as highly beneficial, even if the surgery is 
performed only monocularly (Zhao et al., 1998, He et al., 1999, Pokharel et al., 1998). 
Vision is however, optimised for a particular distance, usually aiming to leave the eye 
near to emmetropia for far distant targets at the expense of some near vision 
degradation. The reduction in near vision performance is associated with the inability of 
the pseudophakic eye to increase its dioptric power in order to compensate for the 
increased vergence produced by the near object. The loss of VA has been quantified in 
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various studies, Table III.B.1, where a manifest drop in VA at intermediate and near 
distances can be observed.   
 
Table III.B.1 Evidence of degradation in distance (6.0 m), intermediate (1.0 m) and near (0.33 
m) visual acuity, in pseudophakic subjects. 
Study Eyes Near VA 
(logMAR) 
Intermediate  
(logMAR) 
Distance  
(logMAR) 
Detail 
(Pieh et al., 
2002) 
 
0.57±0.13 0.17±0.13 0.08 ± 0.07 
Spherical 
(Leyland et 
al., 2002) 
 
0.46 ±0.16  -0.01 ± 0.11 
Binocular VA 
(Rocha et 
al., 2007) 
 
0.39 ± 0.17 0.33±0.15 0.03 ± 0.04 
Spherical 
 0.46 ± 0.16 0.42±0.14 0.02 ± 0.05 Spherical 
(Ito et al., 
2009) 
 0.63 - 0.06 Emmetropic eyes 
 0.0 - 0.56 Myopic pseudophakic eyes 
-2.22±0.36 D 
(Nanavaty 
et al., 2009) 
 0.49 ± 0.15 - -0.02 ± 0.1 Spherical IOL 
 0.57 ± 0.15 - -0.01 ± 0.1 Aspheric IOL 
(Hayashi et 
al., 2010) 
 0.9 0.2 0.0 Approximated values for 
the 60 years old group 
 
Although the values reported may represent the characterisation of a common 
pseudophakic population implanted with a monofocal IOLs, there is clinical evidence of 
pseudophakic patients achieving good levels of distance and near VA (Huber, 1981, 
Elder et al., 1996, Tucker and Rabie, 1980). This phenomenon, known as 
pseudoaccommodation, is associated with pseudophakic pseudoaccommodation and 
with pseudophakic accommodation. When associated with the static properties of the 
eye, independent of the ciliary muscle action contribution, it is called pseudophakic 
pseudoaccommodation. When associated with refractive changes induced by 
interactions between the ciliary muscle-zonules and the capsular bag/IOL,it is called 
pseudophakic accommodation (Langenbucher et al., 2003a, Langenbucher et al., 
2003b).   
One of the mechanisms advanced as an enhancer of pseudoaccommodation is post-
operative refractive astigmatism (Huber, 1981). A compilation of the findings regarding 
the effect of astigmatism in pseudoaphakia is given in Chapter I.B.4. In brief, Huber 
(1981) suggested that post-operative refractive myopic astigmatism could be used to 
achieve functional levels of visual acuity at near (~0.3 LogMAR), at the expense of 
losing some clarity at distance. Early clinical studies confirmed Huber’s predictions 
regarding the achievable VA levels for approximately 2.00 D of astigmatism (Datiles 
and Gancayco, 1990, Hillman and Bradbury, 1990, Sawusch and Guyton, 1991, 
Bradbury et al., 1992). Later studies (Trindade et al., 1997, Nagpal et al., 2000, 
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Nanavaty et al., 2006) looked for the most beneficial astigmatic axis orientation to 
potentiate distance and near vision, the results suggesting that astigmatism in ATR 
form (negative correction at 90 degrees) provides the best VA outcomes.    
 
III.B.2.1 Reading performance and subjective clarity with defocus and 
astigmatism 
  
Although visual acuity is the standard clinical test to assess visual performance, 
requiring the resolution of the detail and letter shape essential for letter discrimination, 
it does not represent a common functional visual task. On the other hand, assessment 
of reading performance with clinical charts is closer to a normal visual task, which 
involves character recognition, with posterior integration of character information to 
identify the word (Legge et al., 1985a). Reading speed has been used to evaluate near 
visual performance in the presence of multifocal intraocular lenses (Alio et al., 2008) 
and patients with monovision after cataract surgery (Ito et al., 2009). It shows a good 
correlation with high contrast near VA, which makes it a suitable test for comparisons 
with the standard visual discrimination technique (Gupta et al., 2009).  
 
Chung et al (2007) in group of young dilated phakic participants demonstrated that 
spherical defocus decreased reading performance by increasing the size of the 
smallest characters that could be discriminated (reading acuity). This reduced the 
acuity reserve required for comfortable and optimum reading contributing to a decrease 
in reading rate for small print sizes (Whittaker and Lovie-Kitchin, 1993). This was also 
verified by the fact that the maximum reading speed was only affected, by ~23% when 
the level of defocus was higher than 3.00DS, indicating that reading fluency was be 
preserved as long as some acuity reserve was maintained (Chung et al., 2007).  
 
More recently one study assessed the reading performance in a group of presbyopes 
(Wolffsohn et al., 2011), using cross-cylinder blur [(+Cylinder/2) DS / -Cylinder x axis)]. 
Cylinder power reduced reading performance, by ~25%, for cylinders higher or equal 
than 3.00DC. Moreover, an astigmatic axis (negative) orientated at 180 degrees was 
responsible for the worst reading performance and a 90 degrees axis orientation 
affected reading the least.  Atchison and colleagues (2009) found a higher tolerance to 
cross-cylinder blur when the cylinder axis was orientated at 90 degrees, and minimal 
tolerance for the orthogonal orientation. Kobashi and colleagues (2012) measured 
reading performance (MRS and Reading Acuity) for three types of astigmatism (WTR, 
+cylu180; ATR, +cylu90; and oblique, +cylu45) induced with 1.00, 2.00 and 3.00 DC 
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lenses. Using the Japanese version of MNREAD chart participants’ reading ability 
decreased with astigmatic power and varied depending on the cylinder axis orientation. 
Oblique axis was the most detrimental orientation, compared with the other two 
counterparts. No difference existed between WTR and ATR astigmatism.   
 
Wolffsohn and colleagues (2011) also extended their evaluation to the subjective rating 
of clarity when their observers performed common near tasks, such as mobile phone 
manipulation and computer screen use. Subjectively their observers reported a gradual 
decrease in clarity as astigmatism increased when performing these types of tasks, 
leading them to suggest that uncorrected astigmatism decreased visual performance 
and that this may lead to a decrease in quality of life. Previously, Miller et al. (1997) 
had shown by optically inducing small amounts of myopia (+0.25 and +0.50 DS) and 
myopic astigmatism (+0.25 and +0.50 DC, axis orientation at 180, 45 and 90) an 
increase in their participants’ dissatisfaction when performing their day-to-day tasks 
with increasing spherical or astigmatic dioptric power. Within the simulated refractive 
forms oblique astigmatism gave the highest levels of dissatisfaction, followed by ATR 
astigmatism, spherical defocus and WTR astigmatism. Similar findings were reported in 
a prospective double-masked study evaluating the effect of astigmatism on presbyopic 
patients (Savage et al., 2003). Subjective rating indicated that spherical defocus was 
marginally preferred over WTR astigmatism and no difference in VA at distance or near 
was found between WTR and ATR astigmatism.      
 
III.B.2.2 Hypothesis  
 
To date various studies have presented evidence of the influence of astigmatism in 
pseudoaccommodation. The previous chapter (Chapter III.A) investigated in detail the 
effect of astigmatism power and orientation in visual performance showing a 
predictable effect of power and differences dependent on axis orientation. However this 
was conducted in a small group of non-pseudophakic participants.  
 
Based on previous described findings (from literature and experimental work), it is 
hypothesised that ATR and WTR astigmatism influence visual performance differently, 
depending on the task nature.          
 
To test the hypothesis, the effect of astigmatic and spherical defocus on distance and 
near VA using high and low contrast letters and reading performance was assessed in 
a group of pseudophakic subjects, using a repeated measures approach.   
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III.B.3 Methods 
 
III.B.3.1 Participants 
 
Patients attending a private ophthalmology clinic (Tecnolaser Sanchez Trancón, 
Badajoz, Spain) for standard cataract surgery (implantation of monofocal IOL) were 
selected at the one week post-operative follow-up appointment based on the following 
exclusion criteria: absence of ocular pathology, no intra or post-operative complication, 
post-operative cylinder no more than 3.00 DC, distance visual acuity 0.8 decimal (0.1 
logMAR) or better. Inclusion criteria included type of IOL and will to enrol in the study. 
Seventy four patients gave their informed consent to participate in the study. Of these, 
twelve did not attend the examination day, two had post-operative complications during 
the first and fourth week and one was excluded during data analysis when it was 
determined that they did not meet the inclusion criterion for the type of intra-ocular lens. 
The remaining fifty nine participants (male n= 37; female n=22) mean age 66.9 ± 7.53 
years/old (median 68 y/o, range: [38;78] y/o) participated in one single experimental 
session of approximately ninety minutes.  Within this group there were two types of 
IOL, one group (n=49) had implanted Oculentis 302-1, Topcon and a second group 
(n=10) had implanted Acrytec 47LC, Zeiss. Initially slit lamp examination and subjective 
refraction were performed for both eyes. In case of bilateral surgery the eye chosen 
was the one presenting with the better distance visual acuity. The post-operative 
subjective refraction (mean for the group: =-0.163 D, Ͳ=-0.045 D, Ͷͷ=0.090 D) for a 
patient was mounted in a trial frame with the non-tested eye occluded. The population 
comprised Spanish and Portuguese speakers, which dictated the selection of the 
appropriate reading charts. Five out of the fifty nine participants did not perform the 
reading assessment due to non-visual limitations in their ability to read. 
The protocol of this study was approved by the Ethics Committee of School of Life 
Sciences University of Bradford and in accordance with ethical guidelines defined in 
the ophthalmic clinic Tecnolaser Sanchez-Trancon. Oral explanation and an 
information letter regarding the study aim and a verbal explanation were given to each 
of the participants at the first operative follow-up. All participants gave their written 
consent to take part in the study. 
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III.B.3.2 Refractive Conditions 
 
Four refractive conditions were used to assess visual performance at distance and 
near. These were simulated by placing ophthalmic lenses in front of the subjective 
refraction, mounted in a trial frame. Distance vision was tested in the following 
conditions: in-focus (±0.00 DS), myopic defocus (+1.00 DS), WTR simple myopic 
astigmatism (+2.00 x 180 DC), ATR simple myopic astigmatism (+2.00 x 90 DC). Near 
visual performance was tested in the following conditions: in-focus (+3.00 DS), out-of-
focus (±0.00 DS), and with simple myopic astigmatism in WTR form (+2.00 x 180 DC) 
and ATR form (+2.00 x 90 DC). The different optical conditions were presented 
randomly.  
 
 
 III.B.3.3 Visual Acuity 
 
Distance high (94%) and low (10%) contrast  and near high (92%) and low (10%) 
contrast visual acuity were measured and scored using individual lines of five letters 
(Distance, range: 1.0 to -0.2 logMAR; Near range: 1.4 to -0.2 logMAR) for distance and 
as described in Chapter II.A. The mean distance VA chart luminance was 220 cd.m-2 
and the near target was illuminated with a cold light source providing 235 cd.m-2. Each 
contrast level had four different versions of the VA chart, each one was used for a 
different optical condition.  
 
III.B.3.4 Reading Performance 
 
Oral reading performance was assessed and analysed using custom developed 
reading charts as described in Chapter II.B with the following minor modifications. Eight 
random reading charts (4 Portuguese and 4 Spanish) were created without prior 
validation of the paragraphs used and each optical condition was assessed using one 
chart. The reading charts were placed at 0.33 m from the participant and the chart was 
illuminated with a cold light source providing a target luminance equal to 235 cd.m-2. 
Four parameters were analysed to characterise the reading performance: the area 
under the best fitted curve (AUC); the reading acuity (RA); the maximum reading speed 
(MRS); and the threshold print size (TPS).  
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III.B.3.5 Pupil Photography  
 
Monocular pupil size measurements at distance and near were performed using a 
custom built system described in the Chapter II.F. Participants viewed two letter 
targets, the distance one at 3.0 m and a close one at 0.35 m. The mean luminance of 
these targets was (83 cd.m-2) and (250 cd.m-2) respectively. Each participant had six 
photographs taken (3 distance + 3 near). The mean pupil size for distance or near for 
each participant was calculated from the average of the three pupil sizes.   
 
III.B.3.6 Statistical Analysis 
 
The normality of the data distributions of each measurement was evaluated using the 
Shapiro-Wick test. In order to evaluate if both IOL groups were representative of 
samples drawn from the same population the comparison between each optical 
performance condition was done using independent t-test. Normality evaluation of the 
complete sample (n=59) revealed the presence of 4 out of 24 parameters non-normally 
distributed. One-way non-parametric repeated measurements statistical tests were 
applied (Friedman analysis; post-hoc Wilcoxon) in these parameters and the statistical 
outcome compared with One-way repeated measurements ANOVA. The resulting 
similarity between the outcomes gave sufficient confidence to use a 2-way repeated 
measures ANOVA for subsequent data analysis on these four parameters. Statistical 
analysis was performed using SPSS (SPSS 16.0, IBM Corp., New York, USA).       
 
 
III.B.4 Results     
 
Comparison between visual performance scores for the spherical and aspheric IOL 
groups showed no statistically significant differences between the two groups in any of 
the conditions tested (Appendix II, Table Ap.II.1).    
 
III.B.4.1 Pupil Size 
 
The distance pupil diameters (4.08 ± 0.77 mm) were statistically larger than near pupils 
(3.04 ± 0.66 mm), t(59)=20.0, p<0.001.   
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III.B.4.2 Distance Visual Acuity 
 
The distance visual acuity results for high and low contrast charts were as presented in 
Table III.B.2.  
 
Table III.B.2 Distance high and low contrast VA for the different refractive conditions. The 
values ±(SD) represent one standard deviation. 
 Visual Acuity (logMAR) 
Contrast level In-focus +2.00x180 +2.00x90 +1.00 DS 
High Contrast -0.04 ± 0.06 0.31 ± 0.14 0.34 ± 0.14 0.21 ± 0.11 
Low Contrast 0.22 ± 0.13 0.66 ± 0.15 0.69 ± 0.17 0.57 ± 0.14 
 
At distance, visual acuity was significantly reduced by decreasing the contrast of the 
test chart from 94% to 10%, F(1,58)=818.6 p<0.001. Inducing different refractive 
conditions decreased visual acuity for both contrasts levels F(3,174)=294.1 p<0.001. 
Post-hoc testing showed that the VA for the in-focus condition differed significantly from 
the WTR, ATR and spherical defocus. Visual acuity for the two astigmatic conditions 
did not differ in either of the contrast versions. Participants had significantly higher 
visual acuities for the spherical lens condition compared with both astigmatic 
conditions. A significant interaction was found between the contrast level and the 
refractive condition F(3, 174)=14.7 p<0.001, meaning that the extent to which the 
refractive condition affected the acuity depended upon the contrast of the VA chart. As 
the refractive conditions produced such different results, the pairwise combinations of 
the different refractive conditions were tested in post-hoc ANOVAs, with the interaction 
with chart contrast remaining for the comparison of the in-focus condition with each of 
the other refractive conditions, Table III.B.3. 
 
Table III.B.3 Statistical analysis comparing contrast level with refractive condition. 
 Refractive Condition Contrast Level * Refractive 
Condition 
In-focus vs +2.00x180 F(1,58)=781.5 p<0.05 F(1,58)=25.0 p<0.05 
In-focus vs +2.00x90 F(1,58)=622.0 p<0.05 F(1,58)=17.1 p<0.05 
In-focus vs +1.00 DS F(1,58)=581.6 p<0.05 F(1,58)=57.1 p<0.05 
+2.00x180 vs +2.00x90 F(1,58)=1.5 p=0.22 F(1,58)=0.28 p=0.60 
+2.00x180 vs +1.00 DS F(1,58)=50.0 p<0.05 F(1,58)=0.58 p=0.45 
+2.00x90  vs +1.00 DS F(1,58)=63.3 p<0.05 F(1,58)=1.39 p=0.24 
 
On the aggregate of both contrast charts (“Refractive Condition”), the three defocus 
conditions produced lower VA levels compared with the in-focus conditions. Also the 
spherical defocus was significantly different from the astigmatic conditions. The post-
hoc analysis on the interactions (“Contrast level * Refractive Condition”) revealed 
differences in VA degradation induced by the defocus conditions over the in-focus 
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condition. This difference can be interpreted using the mean VA values in Table III.B.2, 
as the defocus conditions produced a higher degradation in DLCVA than in DHCVA.  
 
Figure III.B.1, presents the near high and low contrast VA results, the statistical 
comparison between the different optical conditions was done using one-way ANOVA. 
 
(a) (b) 
Figure III.B.1 (a) Distance high contrast VA; (b) Distance low contrast VA. The lower box limit 
represents the lower quartile (25%), the upper box limit represents the upper quartile (75%), bar 
lines represent the minimum and maximum values excluding outliers, the horizontal line inside 
box represents the median and the circle represents the mean. (ǂ p<0.05/4=0.0125, Bonferroni 
Correction). 
 
 
III.B.4.3 Near Visual Acuity  
 
The near visual acuity results for both chart conditions are presented in Table III.B.4. 
 
Table III.B.4 Near high and low contrast VA for the different refractive conditions. The values 
±(SD) represent one standard deviation. 
 Visual Acuity (logMAR) 
Contrast level Out-of-focus +2.00x180 +2.00x90 In-focus 
High Contrast 0.52 ± 0.18 0.35 ± 0.17 0.32 ± 0.18 -0.04 ± 0.07 
Low Contrast 0.83 ± 0.15 0.65 ± 0.13 0.65 ± 0.13 0.18 ± 0.12 
 
Similarly to distance VA, near VA was significantly affected by the reduction in chart 
contrast level F(1,58)=547.9 p<0.001 and by the refractive condition F(3,174)=646.7 
p<0.001. Participants scored significantly worse for the out-of-focus condition 
compared with the both the astigmatic conditions and the in-focus condition, Table 4. 
Both astigmatic conditions were statistically different from the in-focus conditions, 
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indicating that 2.00 DC of astigmatism was insufficient to restore the maximum VA at 
near. Significant interactions were found between contrast level and the in-focus 
condition against the other three refractive conditions, F(3,174)=14.8 p<0.001.    
 
Table III.B.5 Statistical analysis comparing the different refractive conditions and contrast level 
against refractive condition. 
 Refractive Condition Contrast Level * Refractive 
Condition 
Out-of-focus vs +2.00x180 F(1,58)=244.9 p<0.05 F(1,58)=0.45 p=0.51 
Out-of-focus vs +2.00x90 F(1,58)=215.5 p<0.05 F(1,58)=0.37 p=0.55 
Out-of-focus vs In-focus F(1,58)=1165.5 p<0.05 F(1,58)=23.03 p<0.05 
+2.00x180 vs +2.00x90 F(1,58)=3.1 p=0.09 F(1,58)= 2.7 p=0.11 
+2.00x180 R vs In-focus F(1,58)=730.1 p<0.05 F(1,58)=37.31 p<0.05 
+2.00x90 vs In-focus F(1,58)=767.1 p<0.05 F(1,58)=38.65 p<0.05 
   
The post-hoc analysis on the “Refractive Condition” indicated that for both contrast 
levels VA measured with spherical or astigmatic lenses differed significantly from the 
out-of-focus condition, however the spherical condition differed from the astigmatic 
conditions. Analysis of interactions between Contrast Level and Refractive Condition 
and Table II.B.4 indicated a more pronounced effect of defocus for the NLCVA chart 
than for NHCVA charts.   
 
Figure III.B.2, presents the near high and low contrast VA results, the statistical 
comparison between the different optical conditions was done using one-way ANOVA. 
  
  
(a) (b) 
Figure III.B.2 (a) Near high contrast VA; (b) Near low contrast VA. Graph details are as in 
Figure III.B.1.(ǂ p<0.05/4=0.0125). 
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III.B.4.4 Reading Performance 
 
Table III.B.6 and Figure III.B.3 (a-d) show the reading performance results for the four 
parameters used, area under the curve (AUC), threshold print size (TPS), reading 
acuity (RA) and maximum reading speed (MRS). The different refractive conditions 
affected significantly all the four parameters, AUC F(2.4,125.6)=380.7 p<0.001, TPS  
F(3,159)=306.4 p<0.001, RA F(3,159)=341.9 p<0.001 and MRS F(3,159)=661.9 
p=0.015. Participants’ overall performance (AUC) differed significantly in all refractive 
conditions, the same happening for RA. The TPS differed in all conditions, except 
between out-of-focus and the +2.00x180 condition. Maximum reading speed showed a 
weak but statistically significant reduction between the in-focus and the out-of-focus 
condition.   
 
Table III.B.6 Reading performance for the different refractive conditions. The values ±(SD) 
represent one standard deviation. 
 Reading Performance 
Parameter Out-of-focus +2.00x180 +2.00x90 In-focus 
AUC 1.03 ± 0.36 1.34 ± 0.36 1.50 ± 0.37 2.13 ± 0.26 
TPS (logMAR) 0.69 ± 0.20 0.56 ± 0.18 0.46 ± 0.20 0.09 ± 0.12 
RA (LogMAR) 0.56 ± 0.16 0.41 ± 0.17 0.33 ± 0.17 0.01 ± 0.09 
MRS (WPM) 107.22 ± 27.02 109.97 ± 33.29 113.63 ± 34.09 114.11 ± 27.92 
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(c) (d) 
Figure III.B.3 Reading Speed performance; (a). Area under the curve, (b) Threshold print size, 
(c) (Bottom Left) Reading acuity, (d) (Bottom Right) Maximum reading speed. Graph details are 
as in Figure III.B.1. (ǂ p<0.05/4=0.0125 Bonferroni Correction). 
 
Comparison of reading acuity and near high contrast VA showed that reading acuity 
was lower compared to HCVA for all refractive conditions (F(1,53)=20.9, p<0.001) with 
no interaction observed between the type of test and refractive condition 
(F(1,159)=2.03, p=0.11). Table II.B.7, shows the correlation analysis for the near HCVA 
and reading acuity. Both measures produced statistically significant relationships. 
 
Table III.B.7 Correlation coefficients between HCNVA and reading acuity (Spearman 
correlation). 
Correlation HCNVA vs Reading Acuity 
 Out-of-focus +2.00x180 +2.00x90 In-focus 
R 0.61 0.67 0.85 0.60 
P p<0.001 p<0.001 p<0.001 p<0.001 
 
 
III.B.5 Discussion 
 
This chapter assessed the effect on distance and near vision of simulated spherical 
and astigmatic defocus in pseudophakic eyes, aiming to quantify the potential value of 
myopic astigmatism over other refractive corrections as a factor able to enhance 
pseudoaccommodation. Previous studies (Trindade et al., 1997, Nagpal et al., 2000, 
Nanavaty et al., 2006) assessing the pseudoaccommodative phenomenon associated 
with astigmatism based their evaluation on high contrast distance and near VA. Here 
this evaluation was replicated and extended to low contrast VA and reading 
performance. High contrast VA is an important clinical measure because its 
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characteristics provide information about the ability of the visual system to resolve 
detail in maximum contrasted conditions, which would mimic the identification of high 
contrast symbols or objects during daylight. However low contrast VA provides 
important information because much of our normal vision is undertaken under low 
contrast conditions, such as the identification of objects in a naturalistic scene. 
 
 
III.B.5.1 Distance and Near Visual Acuity 
 
The mean distance corrected high (HC: -0.04 logMAR) and low contrast (LC: 0.22 
logMAR) VA demonstrated the effectiveness of cataract surgery in restoring VA, in 
eyes with an absence of retinal pathology. This vision quality was replicated at near 
(mean HC: -0.04 logMAR, LC: 0.18 logMAR) when appropriate near correction was 
used to compensate for the object vergence, Figure II.B.4 (b). The decrease in VA with 
contrast reduction was similar to the variation reported in other studies for photopic 
conditions, similar pupil sizes and chart luminance (Ricci et al., 2004)   However, when 
no near correction was provided, vision at proximal distances dropped considerably 
(HC: 0.52 logMAR, LC: 0.83 logMAR), Figure 6 II.B.4 (a), and only 17.0% of the 
participants could attain a near HCVA equal or higher than 0.3 logMAR. The out-focus 
VA results obtained concur with results obtained in various studies that assessed 
distance corrected near VA using monofocal IOLs (Pieh et al., 2002, Rocha et al., 
2007). Therefore providing full near vision correction is the optimum mechanism to 
restore clarity for near tasks after cataract surgery and this contributes to the 
maintenance of the vision related quality of life. 
 
Optical simulation of WTR and ATR astigmatism decreased HCVA at distance, to 0.31 
and 0.34 logMAR respectively. This agrees with distance VA predictions for astigmatic 
pseudophakic eyes with approximately 2.00 DC (Huber, 1981) and when astigmatic 
defocus was simulated in phakic eyes (Kamiya et al., 2012b). On the other hand, near 
HCVA was less affected by the decrease in object distance when the astigmatic 
conditions were simulated, compared with the out-of-focus condition. For the WTR 
astigmatic condition, on average, subjects were able to see 0.35 logMAR with 44.0% of 
them achieving 0.30 logMAR, whereas ATR astigmatism allowed for slightly higher VA 
0.31 logMAR with 52.4% of the participants being able to read 0.30 logMAR. If a 
combined HCVA threshold of 0.3 logMAR was established for distance and near vision, 
when WTR and ATR astigmatism was simulated only 27% and 25% of the participants 
satisfied the criterion. Furthermore there was no relationship between distance and 
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near HCVA (WTR: R=0.13; ATR: R=0.02) indicating that there were probably other 
factors interacting with the astigmatic correction when the task was performed at 
distance and near.      
 
Figure III.B.4 Cumulative frequency plots for the different refractive conditions tested, black line: 
distance high contrast VA, blue line: near high contrast VA, red line: reading acuity. Inset bar 
plots represent the normalised area under the cumulative frequency line. 
 
Uncorrected WTR tended to affect distance VA less compared to ATR. ATR allowed for 
slightly higher near VA than WTR, Figure II.B.4 (c) and (d). Results for both 
orientations were not statistically significantly different. The present HCVA data cannot 
support the findings that ATR astigmatism provides higher near visual acuity (Trindade 
et al., 1997, Nagpal et al., 2000, Nanavaty et al., 2006). This may be related to the type 
of chart used. In this study ETDRS charts (Sloan letters) were used for both distances. 
These have a more uniform stroke orientation than the lower case Roman letters used 
in previous studies that have more dominant vertical strokes.  
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There is evidence in phakic eyes that distance HCVA is more affected by myopic ATR 
(Kamiya et al., 2012b, Wildsoet et al., 1998, Miller et al., 1997) compared to WTR 
astigmatism, however the differences have been shown to be small and within the level 
of variability of VA measurements. To date, in pseudophakic eyes there has been no 
clear evidence supporting the superiority of one astigmatic orientation on HCVA. The 
present data indicate that WTR astigmatism is probably less harmful for distance 
vision, whereas ATR may carry higher benefits for near HCVA making the decision 
something of a compromise but likely to be best based upon the lifestyle requirements 
of the patient.  
 
Uncorrected myopia (+1.00 DS) degraded distance VA by 0.24 ± 0.10 logMAR/DS 
approximately 25% more than 1.00 DC of astigmatism, close to the power strength 
ratio (0.71) prediction (Thibos et al., 1997) which is a valid estimator of VA for 
spherical-cylinder refractive errors (Raasch, 1995). The slightly lower degradation with 
+1.00 DS obtained compared with the decrease of three to four lines in logMAR charts 
observed in phakic subjects (Quaid et al., 2002, Remon et al., 2006), may be related to 
the extended depth of focus interval of pseudophakic eyes. Elder et al. (1996) reported 
an average decrease of one line (logMAR) with +1.00 of defocus, using a 2.5 mm 
artificial pupil. Cleary et al. (2010) using a spherical IOL showed a decrease of 0.3 
logMAR units with +1.0 D of defocus. For near vision, if a linear relation was assumed 
between refractive power and VA, the gain rate produced by spherical refraction could 
be estimated as ~0.18 logMAR/DS, compared with the ~0.10 logMAR/DC provided by 
the astigmatic refraction. In fact the blur strength produced by a near object in an eye 
with +2.00DC of astigmatism was 1.13u the blur strength if the same object was seen 
through a +1.00DS lens, favouring the spherical over astigmatic refraction for near 
vision. The present data suggest that a pseudophakic eye with -1.00 DS of myopia will 
have higher distance VA and approximately the same near VA as an astigmatic eye 
with +2.00DC. The benefits of myopic refraction have been suggested by Elder who 
indicated that -0.75 DS of myopia in eyes with 2.5 mm pupil would enable a distance 
vision of 0.2 logMAR and  a near vision of N5 (Elder et al., 1996) and would be 
subjectively more tolerable than astigmatic refractive errors (Savage et al., 2003, Miller 
et al., 1997). Furthermore, this fact supports a common practice in cataract surgery, 
mainly in developing regions (Murchison et al., 2004), where the pseudophakic eye is 
left slightly myopic to perform better at near.      
 
Low contrast VA was significantly more affected by defocus than HCVA, at the two 
tested distances, but the effect of the different types of defocus was similar to that 
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found with HCVA. In a practical situation, a fully corrected pseudophakic eye would 
need a low contrast object (at 3.0m) 1.8u larger than a high contrast object and if the 
eye had +2.00 DC of astigmatism the low contrast target would need to be increased 
by 2.5u, in relation to a high contrast object seen with the same level of defocus. 
Similarly for near, an astigmatic eye to perform a low contrast task would require an 
object size 2u times bigger than that required for high contrast. This loss in 
performance would have implications in visual performance under low lighting 
conditions and when observing natural scenes.   
 
Savage et al. (2003) in a study using intra-individual comparison between refractive 
conditions, evaluated distance, intermediate and near visual acuity with spherical, WTR 
and ATR astigmatic defocus. Their distance and near VA were similar for the three 
refractive conditions, comparable with the VA outcomes in the present study. Other 
findings in Savage’s study were that observers attained higher VA with spheres at 
intermediate distances and ATR astigmatism allowed for the highest stereopsis, which 
would be predicted given the minimised horizontal blur for a near stereopsis test 
viewed with ATR distance astigmatism.  
 
 
III.B.5.2 Reading Performance  
 
Similarly to near VA, reading performance when full near vision correction was 
provided to the participants was completely restored. The maximum reading rate 
attained by this group of participants was lower than the traditional 195 wpm measured 
in young Portuguese subjects (Castro et al., 2005) or the 175 wpm measured in 
English presbyopic subjects (Gupta et al., 2009). Two factors potentially explain this 
difference. One was that the present study used charts composed of random words, 
which is known to reduce the reading rate by ~30% (Mansfield et al., 1993). The 
second could be a minor reduction in reading performance associated with the literacy 
level of the population. Reading acuity was lower than the near HCVA by 
approximately 0.05 to 0.1 logMAR units. This may have related to with the increased 
difficulty in identifying letters and integrating them to form words in a non-
contextualised paragraph, compared with the VA task requiring isolated letter 
identification. Similar to the previous findings (Gupta et al., 2009), both metrics were 
significantly correlated indicating that reading acuity provided valuable information that 
may help to characterise near vision performance.  
Chapter III.B Distance And Near Visual Performance in Pseudophakic Eyes 
 
200 
 
When no near correction was provided to the participants, on average reading 
performance was 2u poorer, given by the AUC, than in the best focus condition. In 
order to read at 80% of their maximum reading rate the print size had to be increased 
from N4 to N15 and only 33.3% of the participants could attain N9, which would 
correspond to the VA limit of being able to discriminate newspaper letters. However 
none of participants had acuity reserves able to provide comfortable and effective 
reading, Table III.B.8. Maximum reading speed was also negatively affected when 
there was no near correction, decreasing by 7% in the presence of 3.00 DS of defocus. 
Chung and colleagues (2007) had already demonstrated that the reading rate was 
affected for levels of defocus higher than 3.00 DS, with a 23% decrease in reading 
rate. An explanation for this difference in percentage, may be that the young 
participants enrolled in Chung’s study relied on the cognitive ability enabling them to 
discriminate more easily paragraphs with related words. As the level of defocus 
decreased the image clarity the cognitive ability gave place to a letter by letter 
discrimination, therefore the reduction in MRS was a combined effect of reduction in 
the use of cognitive ability and decrease in image clarity. In the present study using 
unrelated words required a letter-by-letter discrimination strategy whether the image 
clarity was optimum or not.   
 
Table III.B.8 Percentage of individuals with reading acuity equal or better than N9 at 0.33 m 
(~0.47 logMAR), reading acuity for an acuity reserve criterion of 3x and 2x. Reserve acuity (RA) 
is calculated as the RA=SP/ST where SP is the goal print size and ST is the acuity threshold 
expressed as print size (Whittaker and Lovie-Kitchin, 1993). 
 Reading Acuity 
 N9 at 33 cm  
(0.47 logMAR) 
Acuity reserve 3x 
N3 (0.00 logMAR) 
Acuity reserve 2x 
N4.5 (0.17 logMAR) 
±0.00 DS 33.3% 0% 0% 
+2.00 x180 66.7% 0% 11.1% 
+2.00x90 85.2% 3.7% 18.5% 
+3.00DS 100% 67.0% 96% 
 
For the astigmatic refractive conditions reading performance as measured by the AUC 
improvement compared with the out-of-focus conditions by 1.3u and 1.5u for the WTR 
and ATR astigmatic conditions respectively. This indicated a significant benefit of ATR 
astigmatism over WTR in reading performance. Despite the lack of difference in MRS 
for WTR and ATR astigmatic conditions, the former tended to be closer to the out-of-
focus value, whereas the latter was closer to the in-focus value. The reading acuity 
results exaggerated the findings already seen in the HCVA outcomes, showing that 
letter discrimination at near in pseudophakic eyes with myopic astigmatism was 
enhanced with ATR. Conceptually, the present findings agree with previous reports 
Chapter III.B Distance And Near Visual Performance in Pseudophakic Eyes 
 
201 
 
arguing in favour of ATR astigmatism to promote increased near vision clarity 
(Trindade et al., 1997, Nagpal et al., 2000, Nanavaty et al., 2006). Trindade et al (1997) 
reported that 9 out of 10 individuals with myopic ATR astigmatism of 1.25 DC could 
read (~N5). For the same astigmatic power but in the WTR form, 8 out of 10 could read 
smaller than ~N8. Later on, Nagpal et al. (2000) proposed that in two separated 
astigmatic groups with similar myopic astigmatic refraction [0.50; 2.50 DC], 85% of the 
individuals in the ATR could read N9, compared to only 25% in the WTR group. In the 
present work 85% of the participants could see N9 with simulation of ATR astigmatism 
compared with 67% when WTR was simulated, Table II.B.8. The present relationship 
between WTR and ATR performance showed a smaller effect than other studies 
regarding the astigmatic orientation effect in pseudophakia. 
 
Restoring functional levels of vision depends on the individual requirements. For 
example fluent reading requires higher abilities from the visual and cognitive system 
compared with brief reading, such as visualizing a price tag (Whittaker and Lovie-
Kitchin, 1993). Rather than using an arbitrary reading reserve to estimate the 
necessary RA for a given task print size, the TPS can be used as an estimate of the 
print size required to read at a proportion of the MRS. This is a criterion based upon 
reading fluency and allows the necessary print size to be tailored to the individual. 
Figure III.B.5 shows the cumulative frequency distribution when the group of 
participants were tested with different refractive conditions. For a normal newspaper 
letter size (~N9) when near refraction was provided to the subjects all of them had 
fluent reading speeds (80% of MRS), whereas only 13% could perform the task when 
the refraction was not provided. Even for a less demanding fluent reading task (50% of 
the MRS) only 35% of participants could perform the task without any near correction.    
 
Figure III.B.5 Cumulative frequency distribution curves of the TPS when calculated as the print 
size yielding 99% 80% and 50% of the MRS. Lines colour code similar to Figure III.B.4.  
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When tested with simulated ATR astigmatism observers demonstrated a superior 
ability to maintain their maximum reading; 64.8% could read N9 at 80% of their 
maximum reading rate compared with the 37% when the WTR astigmatic condition 
was simulated. The difference was smaller when the reading speed required 
decreased. This finding supports the hypothesis that when the visual task is not 
constrained by time, WTR and ATR astigmatism enable the visual system to acquire 
similar amounts of information, useful for object discrimination. However, when the 
visual task increases its dependency on time, as is the case when subjects have to 
read faster, then ATR astigmatism may provide a way for the visual system to acquire 
information more easily, therefore promoting higher reading speed and smaller 
threshold print sizes.     
 
Table III.B.9 Percentage of individuals able to read N9 at 0.33 m (~0.47 logMAR) at (a) 99% of 
MRS, (b), 80% of MRS and (c) 50% of MRS. 
 Threshold Print Size 
 99% of MRS 80% of MRS 50% of MRS 
±0.00 DS 0% 13.0% 35.0% 
+2.00 x180 7.4% 37.0% 59.3% 
+2.00x90 20.3% 64.8% 77.8% 
+3.00 DS 88.9% 100% 100% 
 
The dependency of visual performance on the astigmatic axis in visual acuity, reading 
tasks and general near tasks was studied by Wolffsohn et al. (2011) in a group of 
presbyopes by simulating cross-cylinder defocus. The main outcome of their study was 
that visual performance decreased with astigmatic power, and this degradation 
increased when the more powerful meridian was not vertical.   
 
To our knowledge this is the first study evaluating the effect of astigmatism on distance 
and near visual performance in pseudophakic subjects, using intra-individual 
comparison for the different refractive conditions. A similar study was performed by 
Savage et al. (2003) to determine the ability of myopic astigmatism over spheres in 
assisting distance and near vision. Other studies evaluating the effect of astigmatism 
on pseudophakia used subjects with natural astigmatism (Verzella and Calossi, 1993, 
Trindade et al., 1997, Nagpal et al., 2000, Nanavaty et al., 2006). Testing subjects with 
their natural astigmatism, i.e without simulation has the advantage of using the 
adaptation to the retinal blur induced by the astigmatism (Sawides et al., 2010). It is 
known that the adaptation to a particular astigmatic axis causes orientation bias in the 
visualization of images presented for very short durations (Ohlendorf et al., 2011a). It is 
therefore expected that if our subjects had had a certain degree of orientation adaption 
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bias, the VA obtained with the simulated defocus would have been influenced, 
effectively reducing the visual degradation but preserving the visual gain. Also, the 
duration for each refractive condition in the experiment was relatively short, only 
approximately five minutes per condition. Ohlendorf et al. (2011a) found a significant 
improvement in VA after an adaptation period of 10 minutes, however a more detailed 
study on the blur adaptation effects over time showed significant improvements in VA 
after 4 minutes of exposure to blur (Khan et al., 2013). Therefore, any blur adaptation 
effects may have had minimal or none effect in this experimental work.  
 
III.B.5.3 Summary  
 
In summary, the results presented in the present chapter confirm the ability of myopic 
astigmatism in contributing to pseudoaccommodation in agreement with the first 
experimental chapter and previous literature. The two forms of tested astigmatism 
(WTR and ATR astigmatism) produced similar levels of degration at distance but near 
reading was better with ATR form, confirming differences in the axis’ roles. Further, the 
comparison of astigmatic and spherical refractive error (myopic) demonstrated the 
latter to be more effective at far and near distances.    
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Chapter III  
 
 
III.C. Modelling Pseudophakic Visual Performance with 
Biometric Data 
 
 
III.C.1 Aim 
 
This chapter reports the biometric data for the cohort of pseudophakic eyes and 
analyses the relationships between biometric data and the visual performance 
outcomes reported in the previous chapter (Chapter III.B). The final aim was to 
determine any factors that substantially contribute to distance and near vision in 
pseudophakic eyes, and the amount of data variance explainable by these 
relationships.  
 
 
III.C.2 Background 
 
 
The ability of individuals to attain functional levels of vision at distance and near after 
implantation of monofocal IOL is known as pseudoaccommodation. 
Pseudoaccommodation has been classified as a two-factor mechanism, one related 
with the static properties of the eye that are independent of the ciliary muscle action 
(pseudophakic pseudoaccommodation) and a second factor related to the dynamics of 
the ciliary muscle and its influence on the IOL and capsular bag complex 
(pseudophakic accommodation) (Langenbucher et al., 2003a, Langenbucher et al., 
2003b). The studies present in the literature normally evaluate pseudoaccommodation 
by quantifying the dioptric interval along which an object can be maintained above a 
certain acuity level (apparent accommodation) or by measuring the ability to resolve 
detail at a particular distance (visual acuity). An extensive description of the factors 
involved in pseudoaccommodation is given in Chapter III.B.   
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Various anatomical factors in the pseudophakic eyes, independent of the ciliary muscle 
action, have been linked with pseudophakic pseudoaccommodation, such as the pupil 
size (Nakazawa and Ohtsuki, 1983), refractive astigmatism (Hillman and Bradbury, 
1990), corneal multifocality (Fukuyama et al., 1999) and corneal aberrations (Oshika et 
al., 2002). These factors all have the capacity to contribute to extend the depth-of-focus 
without altering the dioptric power of the eye, which is subjectively experienced as an 
increase in the level of apparent accommodation or in near VA. On the other hand the 
position of the IOL can alter due to the forces transmitted by contraction of the ciliary 
muscle, inducing a change in eye’s refractive power. Experimental evidence of IOL 
movement has been shown in various imaging studies (Findl et al., 2003a, Findl et al., 
2004), when accommodation was pharmacologically or physiologically stimulated, 
however the IOL displacement does not follow a unique pattern (eg. forward 
movement), Table I.B.4 (Chapter III.B.7). In fact the same IOL may show very distinct 
movements which are dependent of the relationship between IOL geometry (size and 
haptics geometry) and the anatomical structures, resulting in forward or backward 
movement of the IOL (Modesti et al., 2011).  The relationship between apparent 
accommodation and monofocal IOL movement has been examined in several studies, 
though evidence for the contribution of IOL movement to pseudoaccommodation is 
weak. Lesiewska-Junk and Kaluzny (2000) found a positive relationship between IOL 
movement and apparent accommodation in a population of young pseudophakic 
subjects (12-19 y/o). Muftuoglu and colleagues (2005), after pharmacologically 
stimulating accommodation in an elderly population, found a positive correlation 
between apparent accommodation and IOL movement, but near VA increased 
independently of the IOL movement. This may indicate that other factors that were not 
controlled, such as pupil size, may be important for pseudoaccommodation. To date no 
other study has shown a contribution of IOL movement in apparent accommodation. 
Nawa et al. (2003) demonstrated theoretically that the refractive change produced by 
IOL movement was related with the IOL movement and the eye’s axial length. An eye 
with a 24.0 mm axial length would require a 1.0 mm IOL forward movement to generate 
1.0D of accommodation. This prediction combined with the IOL movement measured in 
different studies (Chapter II.B.7, Table I.B.4) makes it unlikely that standard monofocal 
IOL movements are able to contribute to pseudoaccommodation. Moreover, the axial 
length has never been established as being associated with the amount of apparent 
accommodation (Nakazawa and Ohtsuki, 1983, Nanavaty et al., 2006). 
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For the static properties of the eye, pupil size (Chapter I.B.2) has been advanced as 
one of the prime contributors to the depth-of-focus. Nakazawa & Ohtsuki (1983) 
reported an inverse relation between pupil size and the amount of apparent 
accommodation, similarly to the findings of Yamamoto and Adachi-Usami (1992), using 
visual evoked potentials to measure apparent accommodation. Kamiya et al. (2012a) 
used multiple regression analysis to account for various factors involved in 
pseudoaccommodation and confirmed that pupil was the main contributor to good near 
vision. Some other studies were unable to find any relationship between pupil size and 
apparent accommodation (Legeais et al., 1999, Nanavaty et al., 2006) whereas others 
found direct relationships between pupil size and apparent accommodation (Fukuyama 
et al., 1999). Nakazawa and Ohtsuki (1984), based on the positive relationship 
between apparent accommodation and ACD and the previously reported negative 
relationship between apparent accommodation and pupil size, derived a geometrical 
depth-of-focus equation. This showed a direct relationship between depth-of focus and 
apparent accommodation.  
 
Corneal multifocality was another factor believed to increase the apparent 
accommodation (Chapter I.B.5.1). Fukuyama et al. (1999) and Oshika et al. (2002) 
assessed the corneal multifocality in pseudophakic eyes by finding the difference 
between the most and least powerful corneal curvature point. Both studies found an 
increase in apparent accommodation with corneal multifocality. More recently, Kamiya 
et al. (2012a) found in his multiple regression analysis that corneal multifocality was 
also an important contributor to explain the changes in apparent accommodation.  
Adding to the effect of corneal multifocality, Oshika et al. (2002) also found that coma-
like aberrations (Chapter I.B.5.2), in special trefoil (ܥଷି ଷ) were significantly correlated 
with apparent accommodation, but no relationship was found with spherical-like 
aberrations.   
 
The effect of age in pseudoaccommodation has been evaluated in a series of studies 
(Hayashi et al., 2003, Hayashi and Hayashi, 2006, Hayashi et al., 2010). The apparent 
accommodation measured in different age groups ranging between 40 to 80+ years of 
age have shown statistical differences, pseudophakes under 50 demostrated higher 
pseudoaccommodation than older groups. Despite this no significant, no significant 
correlation was reported relating age and the amplitude of apparent accommodation.     
 
Post-operative refractive errors, in particular astigmatic errors have been suggested as 
contributing to better near vision performance. Various studies have pointed out the 
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benefit of simple myopic astigmatism in improving near visual acuity (Trindade et al., 
1997, Nanavaty et al., 2006, Nagpal et al., 2000). It is believed that the extended 
dioptric interval constrains VA to be below certain limits, but also that this is dependent 
of orientation of the astigmatic blur.  
 
III.C.2.1 Hypothesis 
 
In the previous two chapters, it has been demonstrated that simulated refractive 
astigmatism improved near visual function, especially in a reading task, supporting the 
concept that myopic astigmatism is a factor involved in pseudoaccommodation. 
Moreover, various anatomical factors have also been advanced in the literature as 
being important contributors to pseudoaccommodation.  
 
Since the pseudoaccommodative phenomenon relies on limiting the retinal blur below a 
particular level, it is hypothesised that anatomical factors which by nature limit the blur 
pattern on the retina (such as the pupil) and others extending the interval of focus 
(such as corneal multifocality) will account for the variance of visual performance 
metrics.       
 
The present chapter investigated the relation between anatomical features and visual 
performance metrics using multiple correlation analysis.  
 
 
III.C.3 Methods 
 
 
III.C.3.1 Participants 
 
The cohort of participants included the fifty-nine subjects (Mean= 66.8 ±7.5 y/o; median 
=68 y/o; range:[38, 78] y/o) who had undergone previous cataract surgery with 
implantation of a posterior chamber intraocular lens (Oculentis® L-302-1, Oculus, 
Germany; Acrytec® 44 LC, Carl Zeiss, Germany) as described in the previous chapter 
section III.B.3.1. The examination period occurred during the fourth post-operative 
week on a single session with approximately 90 minutes duration. Initially, slit-lamp 
examination was performed followed by subjective refraction in both operated eyes, in 
case of bilateral surgery, or in one eye in case of unilateral surgery. For bilateral 
surgery participants the selected eye was the one presenting higher best corrected VA, 
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all the subjective and objective procedures were performed with the non-selected eye 
occluded. 
 
The examination was performed in the following order: 
x distance VA 
x near VA 
x reading performance 
x pupil photography 
x optical biometry 
x pupil dilation (Colicursi® Tropicamide 1%, Alcon) and corneal topography.     
 
 
III.C.3.2 Subjective Visual Performance 
 
Distance and near visual performance was evaluated through distance and near visual 
acuity measured with high (Distance: 94% and Near: 92%) and low (10%) contrast 
charts, described in Chapter II.A and the reading charts described in Chapter II.B. 
Distance chart had a background luminance equal to 220 cd.m-2, placed at 3.0 m. At 
near, participants’ head position was stabilised using a headrest, distancing 0.33 mm 
from the chart which had a mean luminance of 235 cd.m-2. All participants performed 
the different subjective tasks in the same order, distance high contrast VA (DCHVA), 
distance low contrast VA (DLCVA), near high contrast VA (NCVA), near low contrast 
VA (NLCVA), reading performance.  
 
 
III.C.3.3 Refractive Conditions 
 
Visual performance was tested under four different refractive conditions, optically 
simulated using ophthalmic lenses over the subjective refraction. The optical conditions 
were chosen to represent four models, in-focus (distance: ±0.00 DS, near: +3.00 DS), 
with-the-rule (WTR) astigmatism (distance: +2.00x180 DC, near: +2.00x180 DC), 
against-the-rule (ATR) astigmatism (distance: +2.00x90 DC, near: +2.00x90 DC) and 
spherical defocus (distance: +1.00 DS, near: ±0.00 DS). The refractive conditions were 
randomly presented and each one tested with a different VA or reading chart. 
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III.C.3.4 Pupil Photography 
 
Distance and near pupil size was measured using a custom built photographic system, 
described in Chapter II.F and the measuring procedure summarized in section III.B.3.5.  
 
 
III.C.3.5 Optical Biometry 
 
Optical biometry was performed using the IOL-Master (IOL-Master 500, Carl Zeiss, 
Germany), to measure the AL, ACD, keratometric power and HVID, Chapter III.E. The 
participants’ head were stabilised using a headrest and the normal protocol for IOL 
calculation was followed to obtain the desired measures. The machine software was 
informed that the subject was pseudophakic by selecting the pseudophakic acrylic 
mode. The IOL-Master uses PCI to determine the AL and photographic techniques with 
image analysis to measure the remaining parameters. The AL, ACD keratometric 
power reported by the system are composed values of four, five and three individual 
measurements, respectively. The HVID was the value from one single measure. 
 
 
III.C.3.6 Corneal Topography 
 
The Atlas 9000 corneal topographer (Humphrey Altas 9000, Carl Zeiss, Germany) was 
used to perform corneal topography, Chapter III.D. The participant’s head was 
stabilised on the machine head/chinrest. In one single measurement the Atlas captured 
a series of images and displayed the last four of these images. The image presenting 
the highest quality was selected for analysis and corneal topography was analysed 
based on the reported corneal aberrations and corneal axial curvature.  
 
Corneal aberrations were extracted as a Zernike expansion, up to 6th polynomial order 
in accordance with the standards to report aberrations (Thibos et al., 2000). The 
Zernike coefficients were defined over a 10.0 mm corneal area centred on the corneal 
vertex. For data analysis, corneal wavefront was cropped around the pupil centre for 
6.0, 4.0 and 3.0 mm pupil diameters, using previously published Matlab routines 
(Lundstrom and Unsbo, 2007).   
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Corneal multifocality estimation was based on the corneal axial map reconstruction 
from the Placido rings axial curvature data and posteriorly applying an interpolation 
technique. Using the reconstructed axial corneal curvature map, corneal multifocality 
was calculated using two methods. The first consisted on the calculation of the mean 
corneal curvature in concentric areas within the desired pupil diameter and determining 
the centripetal corneal curvature variation (Method 1). The second was based on the 
difference between the most and least powerful curvature points, within the pupil area 
(Method 2) (Fukuyama et al., 1999, Oshika et al., 2002).  
 
 
III.C.3.7 Statistical Analysis 
 
Data analysis is divided in two sections. The first section presents the values collected 
with the different biometric techniques for the population enrolled in the study. The 
second section uses multiple regression analysis to correlate the biometric data with 
the visual performance data presented in Chapter II.B. The detailed methods are set 
out immediately below. The statistical analysis was performed using SPSS (SPSS 
Statistics Package 16.0, IBM).    
 
 
III.C.3.7.1 Biometric Data Statistical Analysis 
 
The two different IOL participant’s groups with the two IOL’s types were compared 
using independent t-test to determine whether the means of each groups were identical 
(Appendix II, Table Ap.II.2 and Table Ap.II.3). The data normality was evaluated using 
Shapiro-Wick test and parametric or non-parametric tests were used when appropriate, 
based on the distribution of the data.  
 
To evaluate the influence of various biometric parameters (axial length, mean 
keratometric power and pre-operative subjective sphere) on the power of the IOL 
implanted, a multiple regression analysis was applied. The procedure was conducted in 
a similar way as the one described in section III.C.3.7.2 and the statistical outcomes 
description presented in Table III.C.3.   
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III.C.3.7.2 Multiple Regression Model Between Subjective and Biometric Data   
 
Multiple regression analysis was used to find important correlations between subjective 
and biometric data. The subjective data was divided into four refractive conditions, 
named In-focus, WTR Astigmatism, ATR Astigmatism and Spherical Defocus, each of 
them was tested for eight visual performance variables (dependent variables), Table 
III.C.1, providing eight multiple regression models per refractive condition. 
 
Table III.C.1 Multiple regression models (8), with visual performance (dependent) variables 
tested, grouped in four groups. 
Dependent Variables 
↓ 
REFRACTIVE CONDITIONS 
 
In-Focus WTR  
Astigmatism 
ATR  
Astigmatism 
Spherical  
Defocus 
Distance 
VA 
Model 1 HCVA ± 0.00 DS HCVA +2.00x180 HCVA +2.00x90 HCVA +1.00 DS 
Model 2 LCVA ± 0.00 DS LCVA +2.00x180 LCVA +2.00x90 LCVA +1.00 DS 
Near 
VA 
Model 3 HCVA +3.00 DS HCVA +2.00x180 HCVA +2.00x90 HCVA ± 0.00 DS 
Model 4 LCVA + 3.00 DS LCVA +2.00x180 LCVA +2.00x90 LCVA ± 0.00 DS 
Reading 
Performance 
Model 5 AUC +3.00 DS AUC +2.00x180 AUC +2.00x90 AUC ± 0.00 DS 
Model 6 TPS +3.00 DS TPS +2.00x180 TPS +2.00x90 TPS ± 0.00 DS 
Model 7 RA +3.00 DS RA +2.00x180 RA +2.00x90 RA ± 0.00 DS 
Model 8 MRS +3.00 DS MRS +2.00x180 MRS +2.00x90 MRS ± 0.00 DS 
 
 
The multiple regression analysis was performed in two stages. In the first stage each of 
the dependent variables were correlated with an extended group (15) of independent 
predictors, Table III.C.2. The selection of these fifteen predictors was based on 
previously established relationships in the literature, reported in Chapter I.B (Field, 
2009). Prior to the correlation analysis any datum falling outside the 99% confidence 
intervals (outlier) was removed from the analysis, in order to avoid correlations driven 
by outliers.  
 
Table III.C.2 Multiple regression predictors (independent) variables. 
Pupil ACD AL IOL power Age 
Cor. Multifocality ܥଷି ଷ ܥଷି ଵ ܥଷଵ ܥଷଷ 
ܥସି ସ ܥସି ଶ ܥସ଴ ܥସଶ ܥସସ 
 
In a first stage, the individual correlations between the dependent and each 
independent (predictors) variables were analysed and the significant ones were 
signalled. Following this, two criteria were applied to determine which of the 
independent variables, Table II.C.2, with significant correlations would be the most 
influential in predicting the visual performance.  
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The two criteria were: 
x Criterion 1: Each independent variable had to be statistically related with at 
least two dependent variables, within each refractive condition. This aimed to 
minimize the occurrence of occasional relationships between dependent and 
independent variables. 
Eg: For the pupil (independent variable) to be considered a relevant predictor in 
the In-Focus refractive condition, two of the eight dependent variables, Table 
III.C.1 (first column), had to show significant correlations with the pupil size. 
 
x Criterion 2: Each independent variable had to fulfil Criterion 1 for more than 
one of the four refractive conditions. This aimed to make all the predictors 
common for the four refractive conditions.  
Eg: For the pupil to be selected as a final predictor it had to fulfil Criterion 1 in at 
least two of the four refractive conditions (eg. in the In-focus and WTR 
astigmatism condition). 
 
In a second stage, using only the predictors fulfilling the previous two criteria, which 
were Pupil, ACD, Corneal Multifocality and Corneal Spherical Aberration, multiple 
regression analysis was used to determine the final visual performance models within 
the groups. The method used in multiple regression analysis, ”forward” method (in 
SPSS), is purely based on mathematical criteria, where the algorithm searches for the 
independent variable that best predicts the dependent result, i.e. which has the highest 
correlation. After finding the best initial predictor the algorithm searches for a second 
one, based on the largest semi-partial correlation (Field, 2009).    
 
 The linear multiple regression model is expressed using the following equation, 
 
ܻ ൌ ܾ଴ ൅ ܾଵǤ ଵܺ ൅ ܾଶǤ ܺଶ ൅ ݁ݎݎ݋ݎ  Equation III.C.1 
 
Where Y is the dependent variable (Visual Performance) and Xi are the independent 
variables (predictors: Biometric Data), bi are the coefficients associated with each 
predictor and error is residual term. The model outcomes are described in Table III.C.3. 
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Table III.C.3 Parameters used to report the multiple regression models (Field, 2009). 
bi (SE) - bi represents the relationship between the dependent variable and the predictor 
- SE (Standard Error) indicates the extent that the predictors’ values would vary if 
the model is applied to different samples. 
β - indicates the number of standard deviations (SD) that the outcome will change 
as a result of one SD in the predictor 
R2 (dif %) - provides a measure of how much variability in the outcome is accounted by the 
predictor 
- difference= ܴଶ െ ܴଶ (in %) estimates how well a model generalises to a 
population, ideal value =0.0%, with ܴଶ being the adjusted R2 
ANOVA - test whether the model is significantly better predicting the outcome than using 
the mean as “best guess” 
 
 
Interpretation of β value:  
This value indicates what the variation in the dependent variable is when the 
independent variable changes by one SD. Therefore, if the independent variable 
changes by one SD, the dependent variable will change by [β u SDDependent Variable]. The 
variations in the dependent variable calculated using the β value for a particular 
independent variable are valid if the other independent variables taking part in the 
model are kept constant.      
 
 
III.C.4 Results 
 
The results are presented in two sections: the different biometric characteristics; and 
the multiple regression models representing the relationships between the visual 
performance outcomes and biometric data. 
 
 
III.C.4.1 Biometric Data  
 
III.C.4.1.1 Population Demographics 
 
Participants’ demographic data is presented on Table III.C.4. 
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Table III.C.8 Mean horizontal and vertical pupil position in relation to the corneal vertex 
measured with the Atlas Topographer. The radial position was calculated as 
(Horizontal2+Vertical2). S- Superior; I – Inferior; T – Temporal; N – Nasal.  
Parameter Horizontal 
(mm) 
Vertical 
(mm) 
Radial 
(mm) 
Mean ±SD 0.155 ± 0.133 -0.068 ± 0.139 0.221 ± 0.127 
Location Temporal Inferior - 
Range [0.010 (N); 0.525 (T)] [-0.402 (I); 0.201(S)] [0.029; 0.526] 
 
 
III.C.4.1.5 Corneal Aberrations  
 
The Zernike coefficients from 59 eyes describing the corneal wavefront as part of total 
ocular aberrations, for a 6.0 m circular area, centred on the corneal vertex and pupil 
centre are listed in Table III.C.9.  
 
 
Table III.C.9 Corneal Zernike coefficients defined for a 6.0 mm pupil. SD represents one 
standard deviation and 95% CI indicates the 95% confidence interval for the mean. The 
Difference equals the mean of the differences between the coefficients centred on the corneal 
vertex and those centred on the pupil centre. 
Zernike 
Coefficient 
Vertex Pupil Difference 
(μm) Mean ± SD 
(μm) 
95% CI 
(μm) 
Mean± SD 
(μm) 
95% CI 
(μm) 
C1-1 -0.280±1.070 [-0.559; -0.001] -0.446±1.083 [-0.728;-0.163] -0,166±0,386 
C11 0.049±0.822 [-0.165;0.263] 0.055±1.133 [-0.240;0.350] 0,006±0,476 
C2-2 -0.083±0.453 [-0.201; 0.035] -0.101±0.439 [-0.215;0.013] -0,018±0,128 
C20 1.763±0.252 [1.697; 1.829] 1.855±0.228 [1.796; 1.915] 0,093±0,122 
C22 -0.367±0.638 [-0.533; -0.200] -0.349±0.606 [-0.507; -0.191] 0,018±0,132 
C3-3 -0.061±0.254 [-0.127; 0.006] -0.078±0.238 [-0.140; -0.016] -0,017±0,074 
C3-1 -0.108±0.242 [-0.171; -0.045] -0.131±0.238 [-0.194; -0.069] † -0,024±0,076 
C31 0.018±0.238 [-0.044; 0.080] 0.014±0.311 [-0.067; 0.095] -0,004±0,131 
C33 0.040±0.325 [-0.045; 0.125] 0.033±0.294 [-0.044;0.109] -0,008±0,058 
C4-4 -0.009±0.132 [-0.043; 0.026] -0.002±0.112 [-0.031; 0.028] 0,007±0,051 
C4-2 -0.007±0.061 [-0.023; 0.009] -0.011±0.058 [-0.027; 0.004] -0,004±0,021 
C40 0.275±0.118 [0.244; 0.306] † 0.285±0.099 [0.259; 0.310] † 0,010±0,044 † 
C42 0.021±0.127 [-0.012; 0.054] 0.003±0.106 [-0.025; 0.031] -0,018±0,048 
C44 -0.065±0.177 [-0.112; -0.019] -0.054±0.150 [-0.094; -0.015] 0,011±0,058 
C5-5 0.006±0.082 [-0.015; 0.027] 0.009±0.065 [-0.008; 0.026] 0,003±0,026 
C5-3 0.027±0.062 [0.011; 0.043] 0.025±0.051 [0.011; 0.038] † -0,003±0,023 
C5-1 -0.028±0.067 [-0.046;-0.011] † -0.023±0.064 [-0.040; -0.007] 0,005±0,029 
C51 -0.007±0.047 [-0.017; 0.004] -0.009±0.044 [-0.020; 0.003] -0,002±0,015 
C53 0.001±0.057 [-0.014; 0.016] 0.005±0.052 [-0.009; 0.018] 0,004±0,019 
C55 0.014±0.062 [-0.002; 0.030] 0.009±0.049 [-0.004; 0.022] -0,005±0,028 
C6-6 0.001±0.045 [-0.011; 0.013] 0.000±0.045 [-0.012; 0.012] -0,001±0,009 
C6-4 -0.003±0.031 [-0.011; 0.005] -0.002±0.030 [-0.010; 0.005] 0,001±0,004 
C6-2 0.001±0.020 [-0.004; 0.006] 0.000±0.019 [-0.005; 0.005] -0,001±0,004 
C60 -0.023±0.029 [-0.030;-0.015] † -0.021±0.025 [-0.028; -0.015] † 0,002±0,006 † 
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Zernike 
Coefficient 
Vertex Pupil Difference 
(μm) Mean ± SD (μm) 
95% CI 
(μm) 
Mean± SD 
(μm) 
95% CI 
(μm) 
C62 0.007±0.031 [-0.001; 0.015] 0.009±0.030 [0.001; 0.017] 0,002±0,007 
C64 -0.003±0.023 [-0.009; 0.003] -0.003±0.022 [-0.009; 0.003] 0,000±0,007 
C66 -0.003±0.028 [-0.010; 0.004] -0.003±0.024 [-0.010; 0.003] 0,000±0,006 
† Statistical significance: Non-parametric one-sample Wilcoxon Signed Rank test (p<0.05/22 – 
Bonferroni correction), only HOA were used for comparison with zero. 
 
 
When referenced to the corneal vertex C40, C5-1 and C60 were statistically different from 
zero (p<0.002), whereas when referenced to the pupil centre C3-1, C40, C53 and C60 
were different from zero. The Zernike coefficients’ translation from corneal vertex to 
pupil centre induced a positive shift in primary (C40) and secondary (C60) spherical 
aberration.  
 
Higher order corneal aberration expressed as the RMS was significantly lower (0.049 
μm) when the corneal wavefront was referenced to the corneal vertex (z=2.628, 
p<0.01), with third-order coefficients driving the majority of the difference (RMS 3rd 
order change= 0.028 μm), z=3.29, p<0.001.  
 
 
Figure III.C.4 Root-Mean-Square for higher order aberrations (HOA) (3rd to 6th) and individual 
higher orders. Comparison was performed using Wilcoxon Signed Rank test and applying 
Bonferroni correction (p<0.05/5). 
 
III.C.4.1.6 Corneal Aberrations Calculated for the Mean Distance and Near Pupil 
Diameters.  
 
The mean distance and near pupil diameters were 4.085 ± 0.779 mm and 3.040 ± 
0.609 mm respectively. The 1.0 mm miosis reduced the HOA RMS by 2.3x with the 
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higher orders showing larger reductions, Table III.C.10, which corresponds to an 
average decrease of 0.075 D calculated as the difference between equivalent HOA 
RMS power for distance and near pupil size. The equivalent defocus calculated from 
RMS is given by Equation III.C.2 (Thibos et al., 2002).  
 
ܯ ൌ Ͷߨξ͵ ܴܯܵ݌ݑ݌݈݅ܽݎ݁ܽ Equation III.C.2 
 
 
Table III.C.10 Higher order aberrations resized for the mean distance and near pupil diameter. 
SD represents one standard deviation. The ratio was calculated using the defocus for 4.0 mm 
and 3.0 mm.  
RMS 
 
Pupil Diameter 4.0 mm Pupil Diameter 3.0 mm 
Ratio  
(Ø4.0mm/ Ø3.0 mm) 
RMS (μm) 
Mean ± SD 
Defocus (D) 
Mean ± SD 
RMS (μm) 
Mean ± SD 
Defocus (D) 
Mean ± SD 
HOA 0.198 ± 0.088 0.343 ± 0.153 0.087± 0.044 0.268 ± 0.135 1.3 
3rd-order 0.172 ± 0.089 0.298 ± 0.154 0.080 ± 0.044 0.246 ± 0.137 1.2 
4th-order 0.088 ± 0.034 0.153 ± 0.059 0.031 ± 0.013 0.094 ± 0.013 1.6 
5th-order 0.018 ± 0.013 0.031 ± 0.023 0.005 ± 0.003 0.014 ± 0.011 2.2 
6th- order 0.005 ± 0.005 0.009 ± 0.009 0.001 ± 0.001 0.003 ± 0.003 3.2 
 
Figure III.C.5 shows the Zernike coefficients distribution for both pupil diameters. 
 
 
Figure III.C.5 Corneal aberrations for 4.0 and 3.0 mm pupil diameter. Bar lines represent one 
standard deviation. The large plot indicates the higher order aberrations and the inset plot low 
order aberrations. 
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III.C.4.2 Multiple Regression Analysis  
 
The individual correlations between the biometric parameters (reference to Methods) 
and visual performance indices indicated the presence of several significant 
correlations. The independent variables fulfilling the two criteria were pupil size, ACD, 
corneal multifocality and corneal spherical aberration, Figure III.C.8. Therefore these 
four independent variables were chosen as the final predictors for the visual 
performance models. Tables III.B.12 to III.B.15.  
 
Figure III.B.8 Colour graphic presenting the level of correlation between biometric data 
(Independent variable; X-axis) and different visual performance indices (Dependent variable; Y-
axis). The colour in each rectangle indicates the Spearman correlation index (2-tailed) between 
individual pair of variables. (* p<0.05).  
 
 
III.C.4.2.1 In-focus Refraction Condition 
 
None of the selected biometric predictors influenced distance HCVA and MRS. 
Distance LCVA was significantly associated with pupil size, however with a very low 
correlation (R= 0.33). Near HCVA and LCVA were correlated with MF and C40, 
respectively, but also with low correlation indices R=0.36 and R=0.37. Reading 
performance parameters (TPS and RA) were moderately correlated with pupil size and 
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corneal multifocality (TPS: R=0.57; RA: R=0.60), and the AUC was further correlated 
with C40 (R=0.60). When pupil size was included in the models, it always drove an 
improvement in visual performance participants with smaller pupils tended to have 
better distance acuity or near reading performance. For distance LCVA, as the pupil 
size decreased by 0.793 mm (one SD) VA increased by 0.04 logMAR units. For near, 
the effect of pupil size was stronger, TPS and RA improved by 0.05 and 0.04 logMAR, 
for a pupil variation equal to 0.574 mm.  Increasing corneal multifocality also improved 
near vision performance for an increase equal to 0.294 D.mm-1, near HCVA, TPS and 
RA improved by 0.03, 0.05 and 0.03 respectively. The significant relationship between 
corneal C40 and near LCVA suggests that an increase of 0.006 μm in corneal spherical 
aberration produces an increase of ~0.05 logMAR in LCVA. 
 
Table III.C.12 Multiple regression analysis for In-focus refractive condition.    
 Constant Pred. 1 Pred. 2 Pred. 3 R2 ANOVA 
Distance HCVA 
Name No Predicted Model   
Distance LCVA  
Name  Pupil - - 0.11 
(1.7%) 
F1,52=6.39 
p=0.015 
B (SE) 0.004 (0.09) 0.05 (0.02) - - 
β  0.33† - - 
Near HCVA  
Name  MF - - 
0.13 
(1.7%) 
F1,50=7.41 
p=0.010 B (SE) -0.02 (0.01) 0.09 (0.03) - - β  0.36† - - 
Near LCVA  
Name  C40 - - 0.14 
(1.7%) 
F1,49=8.44 
p=0.005 B (SE) -0.004 (0.61) 7.48 (2.57) - - β  0.38†† - - 
AUC  
Name  C40 Pupil MF 0.36 
(4.3%) 
F1,45=8.30 
p<0.001 
B (SE) 2.78 (0.20) -11.10 (5.23) -0.16 (0.06) -0.28 (0.11) 
β  -0.27†† -0.34†† -0.30† 
TPS  
Name  Pupil  MF - 0.32 
(3.0%) 
F1,46=10.82 
p<0.001 
B (SE) -0.13 (0.08) 0.08 (0.03) 0.15 (0.05) - 
β  0.41†† 0.38†† - 
RA  
Name  Pupil MF - 0.35 
(2.8%) 
F1,46=8.9 
p=0.005 B (SE) -0.18 (0.06) 0.07 (0.02) 0.11 (0.04) - β  0.46†† 0.36†† - 
MRS  
Name No predicted model   
† p<0.05; †† p<0.01; ††† p<0.001   
 
 
III.C.4.2.2 With-the-Rule Astigmatic Condition   
 
Pupil size was shown to be an important factor included in all distance and near visual 
performance measures except for MRS. Additionally near VA and reading performance 
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also presented consistent correlations with ACD. Radial variation in corneal power 
(C40) was also included as predictor for near LCVA. Distance models could account for 
approximately 10% and 15% of the variability in the outcome, whereas near models 
could account for higher variability 20% (near HCVA and AUC) to 39% (near LCVA).  
 
Table III.C.13 Multiple regression analysis for WTR astigmatism refractive condition. 
 Constant Pred. 1 Pred. 2 Pred. 3 R2 ANOVA 
Distance HCVA  
Name  Pupil - - 0.09 
(1.7%) 
F1,52=5.58 
p=0.022 B (SE) 0.09 (0.10) 0.06 (0.02) - - β  0.31 † - - 
Distance LCVA  
Name  Pupil - - 0.15 
(1.6%) 
F1,52=9.47 
p=0.003 B (SE) 0.35 (0.10) 0.08 (0.03) - - β - 0.39 †† - - 
Near HCVA  
Name  Pupil ACD - 0.20 
(3.2%) 
F1,50=6.22 
p=0.004 B (SE) -0.39 (0.22) 0.10 (0.04) 0.10 (0.04) - Β - 0.32 †† 0.31† - 
Near LCVA  
Name  Pupil ACD C40 0.39 
(3.7%) 
 
F1,48=7.01 
p<0.000 B (SE) -0.21 0.10 (0.03) 0.09 (0.03) 6.55 (2.55) β  0.41†† 0.33 †† 0.30 † 
AUC  
Name  Pupil - - 0.20 
(1.7%) 
F1,47=11.86 
p<0.001 B (SE) 2.19 (0.26) -0.28 (0.08) - - β  -0.44 †† - - 
TPS  
Name  Pupil ACD - 0.30 
(3.0%) 
F1,46=9.63 
p<0.001 B (SE) -0.26 (0.22) 0.15 (0.04) 0.09 (0.04) - β  0.48††† 0.25† - 
RA  
Name  Pupil ACD - 0.30 
(3.0%) 
F1,46=9.63 
p<0.001 B (SE) -0.39 (0.20) 0.12 (0.04) 0.10 (0.04) - β  0.44 ††† 0.31 †† - 
MRS  
Name  No predicted model  
† p<0.05; †† p<0.01; ††† p<0.001   
 
At distance and near, pupil size was positively correlated with the MAR. A variation in 
pupil size equal to one SD (0.793 mm) produced an increase in distance HCVA equal 
to 0.04 logMAR and 0.06 logMAR for LCVA. A similar increase was obtained for near 
VA with HCVA and LCVA increasing by 0.05 and 0.06 logMAR units respectively, when 
pupil decreased by 0.565 mm. The TPS and RA showed higher benefits from pupil 
variation, with an increase of 0.09 and 0.07 LogMAR respectively per 0.574 mm 
variation in pupil size. Shallower ACD contributed to a higher near vision performance, 
with a decrease in ACD equal to 0.510 mm contributing to an increase in VA of 
approximately 0.05 logMAR.  
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III.C.4.2.3 Against-the-Rule Astigmatic Condition 
 
Similarly to the WTR astigmatic model, pupil size was shown to be a consistent 
predictor for all visual performance indices excluding MRS, which was not correlated 
with any of the available predictors. The near visual performance indices were further 
correlated with the ACD and corneal multifocality. The developed models could 
account for 10% of the distance VA variance and between 21% (near HCVA) to 35% 
(near LCVA) in near visual performance indices.     
 
Table III.C.14 Multiple regression analysis for ATR astigmatism refractive condition. 
 Constant Pred. 1 Pred. 2 Pred. 3 R2 Statistics 
Distance HCVA 
Name  Pupil - - 
0.09 
(1.8%) 
F1,50=5.13 
p=0.028 
B (SE) 0.09 (0.10) 0.05 (0.02) - - 
β  0.31 † - - 
Distance LCVA  
Name  Pupil - - 0.14 
(1.7%) 
F1,52=8.25 
p=0.006 
B (SE) 0.34 (0.12) 0.08 (0.03) - - 
β  0.37 †† - - 
Near HCVA  
Name  Pupil ACD - 0.21 
(3.2%) 
F1,46=6.69 
p=0.003 
B (SE) -0.39 (0.22) 0.11 (0.04) 0.10 (0.04) - 
β  0.35†† 0.30† - 
Near LCVA  
Name  MF Pupil ACD 
0.35 
(4.8%) 
F1,48=8.73 
p<0.001 B (SE) 0.21 (0.16) 0.19 (0.05) 0.07 (0.03) 0.06 (0.03) β  0.43 †† 0.31 †† 0.24 † 
AUC  
Name  Pupil MF - 
0.25 
(3.2%) 
F1,48=7.81 
p=0.001 B (SE) 2.14 (0.27) -0.26 (0.09) -0.41 (0.17) - β  -0.34†† -0.32† - 
TPS  
Name  Pupil  MF ACD 0.33 
(4.5%) 
F1,48=7.29 
p<0.001 
B (SE) -0.32 (0.25) 0.13 (0.04) 0.23 (0.08) 0.10 (0.05) 
β  0.38†† 0.33† 0.25† 
RA  
Name  Pupil ACD MF 0.33 
(4.4%) 
F1,48=7.47 
p<0.001 
B (SE) -0.45 (0.19) 0.12 (0.04) 0.10 (0.04) 0.15 (0.07) 
β  0.40 †† 0.31 †† 0.25 † 
MRS 
Name No predicted model   
† p<0.05; †† p<0.01; ††† p<0.001 
 
Pupil size was positively correlated with distance HCLA and LCVA. A decrease of 
0.793 mm in pupil size contributed to an improvement of ~0.04 logMAR and 0.07 
LogMAR in HCVA and LCVA respectively. Similar effects were found for near vision 
with HCVA, LCVA, TPS and RA showing an improvement (HCVA: 0.06; LCVA: 0.04; 
TPS:~0.08 and RA: ~0.07 logMAR) when pupil decreased by 0.574 mm. Anterior 
chamber depth was also positively correlated with near vision metrics,  a variation of 
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0.51 mm in ACD contributed to increases in near HCVA, TPS and RA of approximately 
0.05 LogMAR and 0.03 in near LCVA respectively. Near vision performance, 
(measured as LCVA, TPS and RA) was positively correlated with corneal multifocality, 
presenting the following gains, LCVA: 0.06, TPS: 0.07 and RA: 0.04 logMAR for an 
increase equal to 0.294 D.mm-1.       
 
 
 III.C.4.2.4 Spherical Refractive Condition 
 
As with the previous models, pupil size was a consistent contributor to distance and 
near VA and reading performance measures. Other contributors included ACD, corneal 
multifocality and C40. Distance models continued to be the ones presenting the lowest 
correlation values (Distance LCVA R=0.28) and near vision performance had moderate 
correlations between R=0.45 (RA) and R=0.58 (near HCVA). MRS was not correlated 
with any of the predictors.  
 
Table III.C.15  Multiple regression analysis for Spherical defocus refractive condition. 
 Constant Pred. 1 Pred. 2 Pred. 3 R2 ANOVA 
Distance HCVA  
Name No model predicted   
Distance LCVA (n=53) 
Name  Pupil - - 0.08 
(1.8%) 
F1,52=4.52 
p=0.04 B (SE) 0.36 (0.10) 0.05 (0.02) - - Β  0.28† - - 
Near HCVA (n=50) 
Name  ACD Pupil MF 
0.35 
(4.0%) 
F1,49=8.25 
p<0.001 B (SE) -0.38 (0.23) 0.13 (0.04) 0.12 (0.04) 0.19 (0.07) Β  0.36 †† 0.35 †† 0.30 † 
Near LCVA (n=50) 
Name  Pupil ACD MF 
0.33 
(4.1%) 
F1,49=10.47 
p<0.001 B (SE) 0.17 (0.18) 0.12 (0.03) 0.08 (0.03) 0.12 (0.06) Β  0.44 ††† 0.27 † 0.24 † 
AUC (n=47) 
Name  Pupil MF - 0.27 
(3.1%) 
F1,46=8.36 
p=0.001 
B (SE) 1.65 (0.26) -0.25 (0.08) -0.39 (0.16) - 
β  -0.40 †† -0.32 † - 
TPS (n=48) 
Name  Pupil - - 0.19 
(1.7%) 
F1,47=10.88 
p=0.002 
B (SE) 0.26 (0.13) 0.15 (0.04) - - 
β  0.43 †† - - 
RA (n=48) 
Name  Pupil - - 
0.13 
(1.8%) 
F1,47=7.23 
p=0.01 B (SE) -0.09 (0.20) 0.10 (0.04) - - β  0.34†† - - 
MRS 
Name No model predicted   
† p<0.05; †† p<0.01; ††† p<0.001 
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All the models created by the available predictors were positively correlated with pupil 
size. For distance viewing, LCVA increased 0.04 LogMAR per 0.793 mm in pupil 
constriction and the relationship increased for near viewing with HCVA and LCVA 
increasing by 0.07 LogMAR per 0.565 mm reduction in pupil size. Reading 
performance showed similar results with RA and TPS improving by 0.05 and 0.08 
LogMAR units respectively for a pupil variation of 0.574 mm. Shallower ACD improved 
VA with a 0.510 mm reduction in depth contributing to a 0.07 and 0.05 LogMAR 
increase near HCVA and LCVA respectively. Also, near HCVA and LCVA were 
correlated with corneal multifocality, an increase in corneal power variation equal to 
0.295 mm contributed to an improvement of 0.06 and 0.04 LogMAR in HCVA and 
LCVA.  
 
 
III.C.5 Discussion 
 
The ocular biometric parameters characteristic of a pseudophakic population have 
been presented and correlated with visual performance outcomes representative of 
four different refractive conditions: in-focus; astigmatic WTR; astigmatic ATR; and 
spherical defocus. The visual performance outcomes included high and low contrast 
VA measure at 3.0 metres (distance) and 0.33 m (near) and reading performance 
(near). These were correlated with pupil size, ACD, corneal multifocality, corneal 
aberrations, IOL power, axial length and patient age. Based on the dominant 
relationships and previous literature, four biometric parameters were selected to 
account for the variance in the visual performance tests, namely pupil diameter 
(Nakazawa and Ohtsuki, 1983, Yamamoto and Adachi-Usami, 1992, Kamiya et al., 
2012a), ACD (Nakazawa and Ohtsuki, 1983), corneal multifocality (Fukuyama et al., 
1999, Oshika et al., 2002, Kamiya et al., 2012a) and corneal spherical aberration. Pupil 
diameter was the biometric factor most useful at explaining the variability in visual 
performance data at distance and near, followed by the ACD and corneal multifocality.  
 
III.C.5.1 Pupil Size 
 
Pupil size has already been pointed out as factor that was inversely correlated with the 
amplitude of apparent accommodation (AAA) (Nakazawa and Ohtsuki, 1983, 
Yamamoto and Adachi-Usami, 1992, Kamiya et al., 2012a) and with distance and near 
visual acuity. Nakazawa and Ohtuski (1983) showed a negative correlation between 
pupil size and AAA, and a similar association was reported by Yamamoto and Adachi-
Chapter III.C Modelling Pseudophakic Visual Performance with Biometric Data 
 
228 
 
Usaml (1992) using visual evoked potentials to measure the AAA. The average 
monocular pupil sizes measured (4.1 ± 0.8 mm (distance); 3.0 ± 0.6 mm (near)) were 
close to previously reported values for the binocular pupil size in a presbyopic 
population (3.7 ± 0.6 mm (distance); 2.7 ± 0.4 mm (near)) with a slightly higher target 
luminance (350 cd.m-2) (Chateau et al., 1996). Atchison et al. (1979) proposed that in 
distance corrected phakic eyes, optimal VA was obtained for 2.0 to 3.0 mm pupils, and 
a 6.0mm pupil dilation [from 2.0 to 8.0 mm] lowered VA by ~0.05 logMAR when the 
chart luminance was kept constant (120 cd.m-2). Our in-focus refractive condition 
models, comprising the distance 0.00 DS and near +3.00 DS (Table III.C.12), were 
poorly correlated with pupil size for visual acuity tasks, but all the reading parameters 
models, except MRS, were significantly correlated with pupil size, Table III.C.16. In 
part, these findings agree with the effect of pupil size in fully corrected eyes (Atchison 
et al., 1979) but also indicate that more visual demanding tasks such as reading benefit 
more noticeably from a reduced pupil size as long as there is sufficient light on the 
task. For the two astigmatic defocus models (WTR +2.00x180, Table III.C.13 and 
WTR+2.00x90, Table III.C.14) and the spherical defocus model (distance:+1.00DS and 
near: ±0.00DS, Table III.C.15) pupil size was moderately correlated with distance VA, 
near VA and reading performance, which was in accordance with previous findings that 
demonstrated a decrease in visual acuity with an increase in pupil size in the presence 
of spherical (Atchison et al., 1979) and astigmatic defocus (Kamiya et al., 2012b). 
Kamiya et al (2012a) measured the amplitude of apparent accommodation in 
pseudophakic eyes. They reported that pupil was the most relevant variable correlated 
with apparent accommodation (partial regression coefficient B= -0.293). The present 
data extends Kamiya’s findings to high and low contrast near VA, and reading 
parameters. Furthermore the two simulated astigmatic models show similar 
relationships with pupil size as the spherical defocus model does. This indicates that 
pupil size contributes significantly for the extension of the depth-of-focus, by 
constricting the blur interval on the retina.      
 
Table III.C.16 Pupil partial correlation coefficients (Pearson) for the four refractive conditions. 
MODELS In-focus +2.00x180 +2.00x90 Spherical Defocus 
Distance HCVA - R=0.311 R=0.296 - 
Distance LCVA R=0.331 R=0.392 R=0.370 R=0.283 
Near HCVA - R= 0.317 - R=0.355 
Near LCVA - R= 0.457 R=0.315 R=0.442 
AUC R=-0.397 R=-0.449 R=-0.392 R=-0.406 
TPS R=0.418 R=0.481 R=0.397 R=0.433 
RA R=0.467 R=0.444 R=0.417 R=0.365 
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Other studies that analysed the influence of the pupil in pseudoaccommodation did not 
find any relationship between the amplitude of apparent accommodation or visual 
acuity and pupil size (Kriechbaum et al., 2005, Nanavaty et al., 2006). Another study 
found a direct relationship between apparent accommodation and pupil size 
(Fukuyama et al., 1999), which is contrary to what is predicted by the geometrical 
definition of depth-of-focus (Atchison and Smith, 2000). The inability of these studies to 
show a relationship between apparent accommodation and pupil size may have been 
related to the use of an inappropriate technique, such as the corneal topographer 
(Fukuyama et al., 1999), to measure the pupil size, as the measurement conditions do 
not resemble the viewing conditions for visual performance due to instrumental 
proximity. The approached adopted in this study tried to overcome the flaws of other 
studies by photographing the pupil in conditions as close as possible to those in place 
when the task was performed. An experimental constraint in the luminance level for the 
distance photography, which was not at the same level (83 cd.m-2) as the luminance 
(220 cd.m-2) for the distance VA task, may have incompletely characterised the natural 
viewing condition. However, according to (Winn et al., 1994) the difference between in 
pupil diameter between these two luminance levels for a 60 year-old population is 
approximately 0.25 mm.  
 
Since the pupil size is a biometric parameter that decreases with age (Winn et al., 
1994, Birren et al., 1950, Kadlecova et al., 1958), and according to the relationships 
demonstrated between pupil size and visual performance, it is conceivable that older 
subjects may elicit higher amounts of pseudoaccommodation due to senile miosis. 
However for the present data set this hypothesis cannot be advanced since no 
relationship was demonstrated between pupil size (distance) and age (R=0.004). This 
lack of a significant relationship is most probably associated with the narrow age 
interval in the present study [Mean: 66.8, range: 38 to 78 y/o] compared for example 
with the age range reported by Winn et al. (1994) [Mean: ~44.0, range: 17 to 83 y/o] 
and the level of pupil size variability among the population. This finding may have two 
different implications, one for the developed world where cataract surgery targets older 
subjects normally above 60 years old (Zaidi et al., 2007) (coinciding with the present 
age group), with age being a weak predictor of pupil size. A different situation may be 
occurring in developing regions where cataract onset occurs earlier in life and therefore 
younger subjects in need for surgery may evidence larger pupils with less beneficial 
contribution to achieve functional levels of pseudoaccommodation.    
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III.C.5.2 Anterior Chamber Depth 
 
Anterior chamber depth is another biometric parameter significantly correlated with 
near visual performance, but solely in the astigmatic and spherical defocus models. 
Previously, Nakazawa and Ohtuski (1983) had reported a negative relationship 
between ACD and amplitude of apparent accommodation, indicating that deeper ACD 
was related to lower amplitudes. For the present data, shallower anterior chambers 
correlated with higher near acuities or improved reading performance. Nakazawa and 
Ohtuski (1984) used a theoretical calculation of depth-of-field which included the pupil 
size, ACD, IOL power and corneal curvature, equation I.B.2 and Figure I.B.3 to relate 
the AAA and the depth-of-field. An additional fact, is that ACD was not correlated with 
in-focus refractive condition metrics, but only for the astigmatic and spherical defocus. 
To date no other study has reported a relationship between visual performance and 
ACD. Indeed, the vast majority of studies have searched for relationships between 
apparent accommodation or visual acuity and the ACD variation with accommodation 
(Langenbucher et al., 2003a, Findl et al., 2004), however evidence of this relationship 
is confined to two studies (Lesiewska-Junk and Kaluzny, 2000, Muftuoglu et al., 2005). 
Findl et al. (2003a) measured the refractive change induced by pharmacological 
stimulation of accommodation and concluded that the refractive change accounted for 
an amplitude lower than 0.50DS. Langenbucher et al. (2003a) compared the amplitude 
of apparent accommodation using objective (autorefraction 0.35DS, streak retinoscopy 
0.24DS) and subjective (defocus method 0.55DS and subjective near point 1.42DS) 
methods with ACD measurements (0.29DS calculated using the Gullstrand model eye) 
under relaxed and stimulated accommodation. The discrepancies in the different 
amplitudes of apparent accommodation reveal that IOL movement has a minor 
influence in pseudoaccommodation.  
 
In this study, the IOL-Master was the device applied to estimate the ACD, as used in 
previous studies (Langenbucher et al., 2003a, Kuchle et al., 2004, Sauder et al., 2005, 
Byrne et al., 2008, Nanavaty et al., 2008, Rosales and Marcos, 2007). The IOL-Master 
uses slit-lamp photography and image analysis to calculate the distance from the 
anterior cornea to the anterior crystalline/IOL lens surface. Based on ACD 
measurements using the IOL-Master and partial coherence interferometry (PCI), (the 
gold standard technique for ocular biometric measurements), Kriechbaum et al. (2005) 
stated that the ACD values reported by the IOL-Master deviated from ones using the 
PCI technique. The explanation advanced was that errors sometimes occurred in the 
identification of the IOL anterior surface, which could be mistaken for the posterior lens 
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surface or the iris. The reflecting properties of the IOL could interfere with the correct 
determination of the anterior lens surface, although these errors in edge identification 
would be less likely to produce errors able to drive a correlation. Acrylic lenses, which 
were the ones implanted in the current cohort, enable more accurate imaging of the 
anterior surface due to the surface properties and higher refractive index, however the 
acrylic properties may cause blurring of the anterior edge leading to incorrect 
determination of the edge. Scheimpflug photography (PentacamTM) was another 
available and valid technique to determine the ACD in pseudophakic eyes (Su et al., 
2008), however this technique failed to image the anterior lens surface of the IOL in 
approximately 50% of the cases, even when manual contrast enhancement was 
applied to the image.  
  
       
III.C.5.3 Corneal Multifocality 
 
Corneal multifocality showed several correlations with the visual performance 
outcomes mainly for the in-focus and ATR astigmatic model. In principle, the higher 
refractive power gradient within the pupil area creates an enlarged dioptric interval 
extending the depth-of-focus, hence allowing for higher amplitudes of apparent 
accommodation (Fukuyama et al., 1999, Oshika et al., 2002) and contributing to a 
delay in presbyopic onset in phakic eyes (Artola et al., 2006). Fukuyama et al. (1999) 
and Oshika et al. (2002), found moderate relationships (R=0.44 and R=0.45) between 
corneal multifocality and amplitude of apparent accommodation, with the multifocality 
index calculated as the difference between the most and least powerful corneal point 
within the pupil area. On the other hand, Kriechbaum et al. (2005) using the same 
multifocality definition found no relationship between corneal multifocality and distance 
corrected near VA. 
 
The multifocality values reported by Fukuyama et al. (1999) (5.26 ± 1.73DS) and 
Oshika et al. (2002) (5.62 ± 2.00DS PMMA IOL and 5.19 ± 1.65DS Acrylic foldable 
IOL) in ~3.50 mm pupil diameter, contrast with the lower values in the present cohort 
(2.47 ± 1.00 DS) for a 4.0 mm pupil and the 3.37 DS [range: 3.30; 5.00] of Kriechbaum 
et al. (2005). Contributing to this difference may have been the difference in levels of 
astigmatism within the pupil area, since the difference method does not account for 
meridional variations in curvature.     
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The corneal multifocality index applied in this study to characterise the visual 
performance was based on the centro-peripheral variation in corneal curvature, 
calculated as corneal curvature average for different annular areas. By 
circumferentially averaging this method minimizes the corneal curvature variations due 
to meridional variations and emphasizes the effect of radial variation in corneal 
curvature. Although both methods were statistically correlated for the two pupil sizes, 
one method could only account for 26% (pupil = 4.0 mm) and 33% (pupil = 3.0 mm) of 
the variance of the other.  
 
The higher incidence of correlations between corneal multifocality and visual 
performance for the in-focus and ATR model may indicate that the observers could 
take advantage of this form of extended depth-of-focus if the levels of defocus were 
minimal or object visibility was not very degraded.    
 
 
III.C.5.4 Corneal Aberrations 
 
To determine the influence of corneal aberrations on visual performance, the corneal 
wavefront aberration was cropped for a circular area corresponding to the physiologic 
pupil area photographed for the distance and near viewing distances. This was the 
optically and visually relevant corneal area for the visual tasks. The horizontal pupil 
centre position relative to the corneal vertex was similar to the values reported by 
Applegate et al. (2009) in young phakic subjects. Both studies showed a temporal 
position for the pupil centre offset from the corneal vertex by 0.16 ± 0.13 mm in the 
present study and 0.15 ± 0.14 mm in Applegate et al. (2009). The vertical displacement 
of the pupil position was close to zero with the average vertical pupil position offset 
inferiorly (0.07 ± 0.14 mm), in contrast to the superiorly offset position (0.04 ± 0.12 mm) 
in the previous study. The inferior pupil position relative to the corneal vertex in the 
present study can be understood in the context of the tendency of pupils to displace 
inferiorly with age (Applegate et al., 2009). Although the mean corneal shape was 
radially symmetrical, the corneal vertex to pupil centre translation led to an increase in 
the total HOA RMS values with the third order aberrations presenting the highest 
contribution. 
 
The average 6.0 mm pupil corneal aberrations found for the current pseudophakic 
population compare well with the values for a normal population across a wide range of 
ages, Figure III.B.9 (Wang et al., 2003). 
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Figure III.B.9 Bar plot for the present study corneal aberrations and Wang et al. (2003) study, 
Error bars represent 1 SD.  
 
Any disparity between the corneal aberration pattern in the present study compared to 
Wang’s study is likely to be due to differences between unoperated corneas and 
corneas in eyes that had undergone cataract surgery. Guirao et al. (2004) reported that 
small incision cataract surgery increased corneal wavefront aberration by 
approximately 0.20 μm. Marcos et al. (2007) showed that after phacoemulsification with 
a superior incision, corneas presented higher amounts of vertical astigmatism, vertical 
trefoil (ܥଷି ଷ) and tetrafoil (ܥସସ). This may explain the higher standard deviation bars 
observed in third and fourth order aberrations in this study. Furthermore, some of the 
magnitude differences between a phakic and pseudophakic population, as in the case 
of vertical coma (ܥଷି ଵ ) may be related to the increase of these aberrations with age 
(Wang et al., 2003).  
   
The estimation of equivalent defocus, defined by Thibos et al. (2002) as the amount of 
defocus required to generate the same wavefront variance by higher order terms, 
indicates that corneal HOA produced a variance equal to 0.343 ± 0.153 DS in a 4.0 mm 
pupil and 1.0 mm miosis decreased the individual equivalent defocus on average by 
0.075 ± 0.028 DS. Two points of interest arise from this; one is that for a near pupil 
(average 3.0 mm in our pseudophakic population) the cornea contributes 
approximately only one quarter of dioptre of equivalent blur, which may have little 
impact when the amount of defocus is high; second, the change in pupil size makes a 
relatively trivial difference to the effect of the corneal higher order aberrations on visual 
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function for an individual, even though the population shows measureable and 
predictable variations in visual performance. 
 
Hayashi et al. (2008) assessed the effect of corneal aberrations on distance visual 
acuity measured with different letter contrasts. The total, third and fourth order RMS 
were significantly correlated with high (100%) and low contrast (25%, 10% and 5%) 
letter acuity. Oshika et al. (2002) reported that increased amplitude of apparent 
accommodation was directly related to third order corneal aberrations. The aberration 
presenting a higher correlation was vertical trefoil (ܥଷି ଷ) followed by ܥଷଵ, ܥଷଷ and ܥଷି ଵ. 
Corneal spherical aberration was not significantly correlated with the amplitude of 
apparent accommodation. The authors concluded that the vertically asymmetrical 
distribution of corneal refractive power with higher corneal power in the inferior part of 
the cornea, could account for the relationship with apparent accommodation. Contrary 
to the previous findings, the VA and reading performance outcomes reported here, 
failed to consistently correlate with third order aberrations for any of the models 
explored. Spherical aberration was significantly correlated with near LCVA and AUC in 
different optical conditions. For the final models corneal ܥସ଴, had minimal contribution in 
explaining the variability of visual performance data, compared with other parameters 
such as pupil, ACD and corneal multifocality.       
 
 
III.C.5.5 Age 
 
Hayashi et al. (2003, 2006, 2010) reported a decrease in the amplitude of apparent 
accommodation with age. In their series of studies pseudophakic eyes of subjects 
younger than 60 years old showed higher amplitude of apparent accommodation 
compared to older eyes, but this decrease was not observed for eyes in subjects in 
their 7th decade or older. Despite this finding, when the AAA was correlated with the 
patient age the correlation was low (R=-0.191, p=0.021) (Hayashi and Hayashi, 2006). 
If there is any relationship between age and pseudoaccommodative ability, the present 
study was unable to detect it, most probably due to the narrow age interval and the fact 
that pseudoaccommodation may be very stable after the age of 60. If there is an age 
related variation in pseudoaccommodation, it would have to reflect the influence of 
pupil size (Winn et al., 1994) and the integrity of the retinal structure.    
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III.C.5.6 Summary 
 
The intra-individual models created by optically generating different refractive 
conditions in the same individual allowed us to conclude that, from the independent 
parameters considered, visual performance at distance and near was mainly regulated 
by pupil size, ACD and corneal multifocality. For the majority of the models, pupil size 
was the factor that most contributed to the visual performance variance. If the effects of 
pupil size were isolated from other predictors entering a model, then ~0.50 mm 
reduction in pupil size projected an increase in near VA, TPS and RA ranging from 0.05 
to 0.08 LogMAR. Other biometric parameters such as corneal aberrations, age, IOL 
power or AL did not contribute significantly to explain the variance in visual 
performance data.  
 
The subjective data presented in Chapter II. B. revealed that myopic astigmatism (2.00 
DC) showed its worst performance for distance tasks but gave significantly better 
performance at near than when the object was seen though 3.00 DS of defocus. The 
combination of the in-focus model (for distance) and the out-of-focus model (for near) 
resembled an emmetropic pseudophakic eye and indicated that approximately 30% of 
near VA and reading performance could be explained by the pupil size, ACD and 
corneal multifocality. The astigmatic models behaved similarly, with the pupil being the 
most important factor to explain variations in subjective performance. These extends 
the findings of Kamiya et al. (2012a) who in a multiple regression model found that 
pupil and corneal multifocality were the most important biometric parameters to explain 
the increase in apparent accommodation.   
 
This chapter’s findings suggest that if functional levels of distance and near vision were 
solely based on factors contributing to increased pseudoaccommodation (without near 
vision spectacles), the factors involved could be measured using simple 
instrumentation even in settings were technical resources are scarce. Pupil, ACD and 
corneal multifocality can be measured using a simple ruler, a slit-lamp and a manual 
keratometer (eg.Javal), respectively. Other subjective characteristics, enumerated in 
Chapter I.A, relating to a patient’s requisites such as the daily tasks, surgery 
satisfaction, will and economical availability to purchase spectacles, may help in 
clarifying the success of the pseudoaccommodation mechanism. Taking together all 
these variables, prior to surgery, the surgeon could therefore decide whether the 
patient should be left with a post-operative refraction (eg. against-the-rule astigmatism) 
or whether emmetropia should be targeted. However, in order to take benefit from the 
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planned astigmatic refractive condition or emmetropia, an accurate estimation of the 
IOL power has to be obtained. As indicated in section III.C.4.1.3, the post-operative 
IOL-power model, indicates that axial length is an important factor in explaining the 
variance of the IOL power. Therefore, a further pre-surgical requirement is the use of 
biometric techniques (e.g. A-scan ultrasound) plus a range IOLs allowing a close 
matching with the calculated IOL power. 
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Chapter III 
 
 
 
III.D Pseudophakic Visual Performance Prediction from 
Ocular Aberrations 
 
 
III. D.1 Aim 
 
This chapter aims to determine the level of visual performance prediction for distance 
and near viewing using a metric of optical quality calculated from ocular wavefront 
aberrations.  
 
 
III.D.2 Introduction 
 
Chapter III.B reported the differences in visual performance of pseudophakic eyes at 
distance and near with induced spherical and astigmatic refractive error. In chapter 
III.C it was shown that the variability of the subjective data was partially explained by 
the anatomical features of the eye, such as the pupil size, cornea refractive power 
variation and ACD. Although knowing the anatomical structures playing a role in 
pseudophakic visual performance is an important factor because it allows a pre-
operative classification of the candidates, using the post-operative ocular wavefront 
data may improve the prediction of the post-operative visual performance results.   
 
One way of combining the clinical visual measurements with optical quality of the eye 
(using wavefront data) is by comparing the physiologic letter discrimination limit of a 
particular eye against the simulated optical quality of the same eye. This comparison 
was conducted previously to compare the clinical and modelled performance of 
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pseudophakic eyes implanted with monofocal (Greivenkamp et al., 1995, Piers et al., 
2005) or multifocal IOLs (Weeber et al., 2010) with different levels of defocus. A 
classical way to characterize the optical quality of eye is using the Optical Transfer 
Function (OTF) which a complex function combining the Modulation Transfer Function 
(MTF) and the Phase Transfer Function (PTF). The MTF is a function giving the 
Modulation Transfer (MT) for each Spatial Frequency of a set of component functions 
(a sinewave or a squarewave). The MT is defined as the ratio between the contrast of 
the sinusoidal or square wave pattern in the image space (retina) and the same pattern 
in the object space (a real object). The Phase Transfer and its function can be 
explained as the relative differences in the location of a fixed point on a component 
sine wave between the object and image, representing a change in image/object phase 
(This is further developed in the next Chapter III.E). Among the various optical quality 
metrics developed using wavefront data (Thibos et al., 2004), the limiting frequency 
given by the MTF has been argued to be a good predictor of VA in the presence of 
defocus (Weeber et al., 2010). Thibos et al. (2004) defined that the limiting frequency 
for grating objects using the radially averaged MTF is given by the intersection of the 
retinal function with the optical system MTF. The retinal function indicates the limit of 
resolution the eye when the optics are bypassed (using interferometry) (Campbell and 
Green, 1965, Dressler and Rassow, 1981). Therefore it works as a neural filter that 
excludes all the spatial frequencies beyond the neural resolution of the eye. For 
instance, when the optical system is in focus, i.e the retinal image has a high quality, 
the finest details of the image may not be perceived accurately or at all due to the size 
of the photoreceptors, Figure III.D.1. On the other hand when the system is defocused 
(eg. for a myopic eye) the intersection of both functions, the eye MTF and the retinal 
function, happens at lower spatial frequencies, Figure III.D.1, indicative of a decrease 
in VA. 
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Figure III.D.1 Limiting spatial frequency determination from Modulation Transfer Function. 
Closed circle indicates the MTF first notch and open circle intersection between MTF and retinal 
function. Partially reproduced from (Weeber et al., 2010) 
 
The intersection of both curves may occur at a spatial frequency above the first MTF 
zero, in a region designated by region of spurious resolution, characterised by a 
change in the object detail phase. Thorn and Schwartz (1990) have shown that grating 
and letter acuity vary differently with defocus, with the former being less affected than 
the latter, most probably due to the information present in the region of spurious 
resolution. Later, Akutsu et al. (2000) argued that visual acuity is unaffected by spatial 
frequencies above the first MTF zero, concluding that up to 4.00 D of defocus VA for 
letters relies on the spatial frequency of the first zero crossing the MTF. Still, using the 
intersection between the retinal function and the MTF, Greivenkamp et al. (1995) found 
a high correlation (R2=0.91) between measured VA and predicted VA for defocus levels 
ranging from 0.0 to 5.0 D, more recently Weeber et al. (2010) found a similar level of 
correlation (R2=0.94) using multifocal IOLs. Kamyia et al. (2012a) estimated the 
amplitude of apparent accommodation using a “pseudophakic” Liou-Brennan model 
eye with a standard pupil diameter (3.0 or 4.0 mm), for various levels of astigmatism 
(0.00 to 2.00 DC). They showed a reduction in the amplitude of apparent 
accommodation with increasing astigmatic power.  
 
III.D.2.1 Hypothesis 
 
The multiple correlation analysis relating subjective visual performance with the 
anatomical features of the pseudophakic eyes has identified three main factores (pupil, 
ACD and corneal multifocality) contributing significantly to the variance of visual 
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performance. Other anatomical features (eg. Corneal aberrations) were not strongly 
correlated with visual performance, still they might be important factors governing the 
optical performance of the eye.  
 
Since ocular wavefront aberration provides a more complete integration of the 
anatomical factor influence on image formation, this chapter hypothesised that an 
image analysis metrics deriving from optical modelling using anatomic and ocular 
wavefront data might improve the predictability of visual performance data. 
 
Therefore, the predicted VA from individual model eyes will be compared with the 
measured VA or RA.  
 
 
III.D.3 Methods 
 
The visual performance data used in this section is the same as described in section 
III.B.4 and anatomical parameters are described in section III.C.4.   
 
III.D.3.1 Ocular Aberrations Measurement and Pupil Resizing  
 
Ocular aberrations were measured for the 59 participants as described in section 
II.G.3. Participants’ individual wavefronts were resized (Ginis et al., 2004, Lundstrom 
and Unsbo, 2007) to the smallest pupil size of the three measurements, this provided 
the dilated wavefront measure. For analysis purposes, the wavefront was further 
resized for the distance and near individual physiological pupil size and for the 
population mean distance (4.08 ± 0.77 mm) and near (3.04 ± 0.66 mm) pupil size.   
   
 
III.D.3.2 Residual Refractive Error Calculation 
 
Residual refractive error, presented in the form of ', 'Ͳ and 'Ͷͷ was calculated as 
the difference between the subjective refraction power vectors , Ͳ and Ͷͷ (equations 
II.D.16 and II.D.17) and from WASCA refraction power vectors (equations II.D.15). 
Distance and near WASCA refraction was determined using the Zernike coefficients 
resized for the respective physiologic pupil size. A negative ' indicates that the 
subjective refraction is more positive than the objective (WASCA).  
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III.D.3.3 Model Eye Construction 
 
Model eyes using the anatomical and wavefront data of each participant were built in a 
ray tracing software (ZEMAX-EE, ZEMAX Development Corporation). Distance and 
near visual performance were modelled by constructing two model eyes per participant. 
The two eyes had similar anatomical characteristics except for the pupil size and 
wavefront data. The MTF correspondent to each refractive condition tested was 
calculated.     
 
 
III.D.3.3.1 Ray Tracing Protocol 
 
The model eyes were constructed based on the LBME (Liou and Brennan, 1997), by 
modifying the optical surfaces properties to the individual measured anatomical data. 
The personalised surfaces included, the anterior cornea (curvatures and conic 
constant), ACD, pupil size (distance or near), IOL geometry (curvature, refractive index 
and thickness), and vitreous chamber length. The values for the optical media 
refractive indexes, excluding the IOL, posterior cornea properties (curvature and conic 
constant) and retina curvature were not modified. The pupil was defined as uniform 
circular aperture, centred with the system optical axis and the object placed on-axis. 
Table III.D.1 shows the optical system data. 
 
Table III.D.1 Individual model eye details, for implementation in ZEMAX 
Surface Radius  
[mm] 
Thickness 
 [mm] 
Refractive Index 
(n) 
Ø/2  
[mm] 
Conic (K) 
Object ∞ 3000 Air (n=1.0) ∞ - 
Refractive Condition 
(Paraxial Lens)  
∞ 0.00 - 5.00 - 
Subjective Refraction 
(Paraxial Lens) 
Variable 
(RFlat / RSteep x 
axis) 
0.00 - 5.00  
Anterior Cornea 
(Biconic Surface) 
Variable 
(RFlat / RSteep x 
axis) 
Variable Cornea 
(n=1.376) 
5.00 Variable 
Posterior Cornea 
(Standard Surface) 
6.40 Variable† 
 
Water 
(n=1.336) 
5.00 -0.60 
Pupil 
(Standard Surface) 
∞  Water 
(n=1.336) 
Variable◊ - 
Phase Plate 
(Zernike Standard Phase) 
∞  Water 
(n=1.336) 
Variable◊ - 
Anterior IOL 
(Standard Surface) 
Variable Variable Acrylic 
(n=1.460) 
3.00 - 
Posterior IOL 
(Standard Surface)  
Variable Variable ◙ 
 
Water 
(n=1.336) 
3.00 - 
Retina -12.00 - - 5.00  
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† Posterior Cornea Thickness: ACDIOLMaster – 0.5 
◊ Distance or near physiologic pupil size 
◙ Posterior IOL thickness (Vitreous Chamber): Axial length – (ACDIOLMaster+IOL Thickness) 
         
The refractive status of each participant, for distance and near viewing was modelled 
using a specific surface (Standard Zernike Phase Plate) that deviated and added 
optical path to the rays passing through it, by modifying its phase terms. The surface 
phase terms are defined by Zernike coefficients (ZEMAX, 2007). The phase plate 
surface was placed adjacent to and had the same diameter as the physical pupil. The 
phase terms were defined by 25 Zernike coefficients, (ܼ௠േ௡, ʹ d  d ͸) and the 
coefficients were set as variables. The model eye optical performance was defined by 
a merit function using 25 Zernike coefficients (ܼ௠േ௡, ʹdd ͸) from the aberrometer 
measurements. The optimization process modified the phase plate Zernike terms, so 
that the Zernike coefficients at the retina (image plane) were equal to the ones defined 
by the merit function. 
 
 
Figure III.D.2 Schematic model eye, implemented in ZEMAX 
   
The subjective refractive error correction and the induced refractive condition were 
independently created by using two surfaces (biconic paraxial surface), located at the 
corneal plane. These allowed modifying the lens curvature in two orthogonal meridians 
and rotate it according to the astigmatic axis.   
 
III.D.3.3.2 Modulation Transfer Function Cut-Off Frequency Determination 
 
Distance and near viewing conditions were simulated by placing the object at 3.0 m 
and 0.33 m respectively from the corneal vertex. A Fast Fourier Transform algorithm 
was used to calculate the MTF with a sampling resolution at the pupil of 256 u 256 
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points. The wavelength used for analysis was 555 nm. The MTFs were visually 
analysed to determine the cut-off frequency indicative of VA, this was done based on 
the following criteria:   
 
x The tangential and sagital MTF components were averaged for the non-
astigmatic refractive conditions and the cut-off frequency extracted from the 
radial averaged MTF. These included the following conditions, distance: r0.00 
DS and +1.00 DS, near: r0.00 DS and +3.00 DS (Figure III.D.3 (a)). 
 
x For the astigmatic conditions at distance and near (+2.00u180 and +2.00u90 
DC) the cut-off frequency was determined individually for both components 
and posteriorly averaged (Figure III.D.3 (b)) (Kamiya et al., 2012a).    
 
x The cut-off frequency was determined by the intersection of the MTF (radial 
average, sagital or tangential component) with the retinal function (Dressler 
and Rassow, 1981), when there were no notches on the MTF indicative of 
defocus. In the presence of defocus, the cut-off frequency was given by the 
frequency with lower modulation within the first notch.  
 
 
Figure III.D.3  (a) Pseudophakic model eye MTF for distance in-focus condition (b) MTF for 
refractive condition distance +2.00u180.   
 
The spatial frequencies were originally reported by Zemax in cycles per millimetre 
(cpmm), these were converted to cycles per degree (cpd) using equation III.D.1. 
Posteriorly the cut-off frequencies were transformed to a limiting VA (logMAR) using 
equation III.D.2.   
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ܵܨሺܿ݌݀ሻ ൌ ൤ݐܽ݊ ൬ ͳ݂݈݁uܵܨሺܿ݌݉݉ሻ൰൨
ିଵ
 Equation III.D.1 
 
Where 	 is spatial frequency, is the model eye effective focal length. 
 
ܸܣሺ݈݋݃ܯܣܴሻ ൌ  ൬ݐܽ݊ିଵ ൬ ͳʹ ൈ ܵܨሺܿ݌݀ሻ൰ ൈ ͸Ͳ൰ Equation III.D.2 
 
 
 
III.D.3.4 Statistical Analysis  
 
The ocular aberrations and predicted VA for the two different IOL participant’s groups 
were compared using independent t-test to determine whether the means of each 
groups were identical (Appendix II, Table Ap.II.4 and Table Ap.II.5). The normality of 
the data analysed, (Zernike coefficients rescaled for the group mean pupil size and 
physiologic pupil size, residual refractive error vectors and the limiting VA) was 
assessed using the Shapiro-Wick test. Comparison between HOA for the participants 
implanted with aspheric and spherical IOL was performed using Mann-Whitney test 
and one-sample Wilcoxon Signed Rank test used to evaluate the Zernike coefficients 
difference from zero. Correlation analysis between the Zernike coefficients or residual 
refractive error and subjective visual performance was done using Spearman 
correlation. The same type of correlation analysis was used to correlate limiting VA with 
measured VA or RA. The differences in limiting VA between refractive conditions were 
analysed using One-Way Friedman test and the post-hoc paired comparisons were 
done using Wilcoxon test. All statistical analysis was performed using SPSS (SPSS 
Statistics Package 16.0, IBM) 
 
 
III.D.4 Results 
 
III.D.4.1 Pseudophakic Eyes Higher Order Aberrations  
 
The Zernike coefficients up to 6th order, for the distance average pupil diameter (4.0 m) 
are presented in Table III.D.2. No difference in higher order Zernike coefficients was 
found between the group of 49 participants implanted with spherical IOL and the group 
of 10 participants implanted with an aspheric IOL. For the distance and near pupil size 
the coefficients did not differ from zero except for vertical trefoil (ܥଷି ଷ), primary (ܥସ଴), and 
secondary (ܥ଺଴) spherical aberration. 
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Table III.D.2 Ocular wavefront aberrations expressed as Zernike coefficients (±SD) for a 4.0 mm 
pupil size (59 participants).  
 Zernike Coefficient  Zernike Coefficient 
Mean ± SD 
(μm) 
95% CI 
(μm) 
Mean ± SD 
(μm) 
95% CI 
(μm) 
C2-2 -0.032 ± 0.173 [-0.370; 0.307]  C5-5 -0.002 ± 0.025 [-0.051; 0.047] 
C20 0.477 ± 0.325 [-0.161; 1.115] C5-3 0.002 ± 0.017 [-0.031; 0.036] 
C22 0.056 ± 0.232 [-0.399; 0.510] C5-1 -0.002 ± 0.018 [-0.039; 0.034] 
C3-3 -0.050 ± 0.083 [-0.212; 0.112] † C51 -0.001 ± 0.023 [-0.045; 0.043] 
C3-1 -0.007 ± 0.071 [-0.145; 0.132] C53 -0.000 ± 0.013 [-0.027; 0.026] 
C31 0.010 ± 0.069 [-0.370; 0.307] C55 0.002 ± 0.016 [-0.030; 0.034] 
C33 0.009 ± 0.065 [-0.118; 0.136] C6-6 0.000 ± 0.014 [-0.028; 0.028] 
C4-4 0.002 ± 0.037 [-0.070; 0.073] C6-4 -0.002 ± 0.014 [-0.030; 0.025] 
C4-2 -0.004 ± 0.053 [-0.108; 0.099] C6-2 -0.003 ± 0.033 [-0.067; 0.062] 
C40 0.060 ± 0.091 [-0.119; 0.239] † C60 0.030 ± 0.055 [-0.078; 0.138] † 
C42 0.001 ± 0.039 [-0.076; 0.077] C62 -0.001 ± 0.017 [-0.034; 0.032] 
C44 -0.021 ± 0.032 [-0.083; 0.041] C64 0.002 ± 0.012 [-0.021; 0.026] 
   C66 -0.003 ± 0.014 [-0.031; 0.025] 
† Statistical significance: Non-parametric one-sample Wilcoxon Signed Rank test (p<0.05/22 – 
Bonferroni correction), only HO aberrations were used for comparison with zero. 
 
 
III.D.4.2 Correlation between Residual Refractive Error, Higher Order 
Aberrations and Subjective Metrics  
 
The correlation between residual refractive error and subjective metrics (distance and 
near VA, and reading parameters) shows that the residual spherical component 
(distance: '=-0.69 r 0.34 D; near: '=-0.56 r 0.32 D) had a negative effect on 
distance LCVA, whereas for near VA this difference is associated with an improvement 
in LCVA and overall reading performance (AUC), Figure III.D.4. Despite the statistical 
significance observed for some correlations, all represented weak relationships 
(Range: distance LCVA +1.00 DS R=-0.468 and near LCVA r0.00 DS R=0.357). 
Residual cylinder ('Ͳ, 'Ͷͷ) components were not significantly correlated with 
subjective metrics.  
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Figure III.D.4 Spearman correlation analysis between residual refractive error and visual 
performance metrics. p<0.05 and ● p<0.01 
 
The majority of ocular higher order aberrations were not significantly and consistently 
correlated with subjective visual performance. For distance, only ܥହି ଷ showed a positive 
correlation with VA for against-the-rule or spherical defocus condition. The equivalent 
dioptric power for HOA (3rd to 6th order) and the average distance pupil (4.0 mm) is = 
0.54 r 0.40 D with ܥହି ଷ representing approximately 6.2 r 4.6% of the HOA dioptric 
power. The coefficients  ܥଷଷǡ ܥ଺଴ and  ܥ଺଺ appeared negatively correlated with near vision 
performance in particular for the with-the-rule astigmatism and spherical defocus.The 
correlation coefficients obtained were no higher than 0.46. The HOA equivalent dioptric 
power calculated for the average near pupil (3.0 mm) is 0.44 r 0.26 D, with the three 
coefficients correlated with near visual performance representing 31.5 r 20.4%, 15.0 r 
10.5% and 4.7 r 3.9% of the HOA dioptric power, respectively. 
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Figure III.D.5 Spearman correlation analysis between higher order aberrations and visual 
performance metrics. p<0.05 and ● p<0.01 
 
 
III.D.4.3 Model Eye Cut-Off Frequency 
 
Figure III.D.6 shows the predicted VA values for the different refractive conditions 
tested. Both distance and near viewing had statistically significant differences between 
the four conditions, F2(3) =129.41 p<0.001 and F2(3) =157.60 p<0.001 respectively.  
 
 
Figure III.D.6 Predicted distance and near VA for the different refractive conditions tested. The 
values ±(SD) represent one standard deviation. (ǂ p<0.05/4=0.0125 Bonferroni Correction). 
 
Post-hoc paired comparisons indicate that for distance or near all refractive conditions 
were different between them (p<0.001) with the exception of the two astigmatic 
conditions, z=-0.30 p=0.763 (distance) and z=0.74 p=0.460 (near). 
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Table III.D.3 Predicted and measured distance and near VA for the different refractive 
conditions. The values ±(SD) represent one standard deviation. 
 Predicted and Measured VA [logMAR] 
Distance r0.00 DS 
(In-focus) 
+2.00x180 +2.00x90 +1.00 DS 
Predicted  0.03 ± 0.09 0.30 ± 0.11 0.33 ± 0.14 0.49 ± 0.26 
Measured HC -0.04 ± 0.06† 0.31 ± 0.14 0.34 ± 0.14 0.21 ± 0.11† 
Measured LC 0.22 ± 0.13† 0.66 ± 0.15† 0.69 ± 0.17† 0.57 ± 0.14‡ 
Near 
+3.00 DS 
(In-focus) +2.00x180 +2.00x90 
r0.00 DS 
(Out-of-Focus) 
Predicted  0.04 ± 0.09 0.48 ± 0.22 0.44 ± 0.23 1.01 ± 0.18 
Measured HC -0.04 ± 0.07† 0.35 ± 0.17‡ 0.32 ± 0.18‡ 0.52 ± 0.18† 
Measured LC 0.18 ± 0.12† 0.65 ± 0.13† 0.65 ± 0.13† 0.83 ± 0.15† 
(Wilcoxon paired test comparing Predicted and Measured (High and Low Contrast) VA for each 
refractive condition, ‡ and † represent p<0.05 and p<0.001). 
 
Predicted VA tended to be closer to high contrast than to low contrast measured VA, 
with the exception for the spherical defocus conditions at distance (Difference 
[logMAR], HC:0.28 ± 0.22 and LC:-0.08 ± 0.24) and near (Difference [logMAR], 
HC:0.48 ± 0.19 and LC:0.17 ± 0.17). In-focus VA predictions were approximately 7 
letters worse than the average measured HCVA (Difference, Distance:0.07 ± 0.08 and 
Near:0.08 ± 0.09) and slightly less than two lines worse than measured LCVA 
(Difference, Distance:-0.19 ± 0.12 and Near:-0.14 ± 0.13). For the astigmatic 
conditions, the predicted VA at distance was comparable to the measured HCVA 
(Difference, +2.00x180: -0.003 ± 0.138 (p=0.859) and +2.00x90: -0.005 ± 0.164 
(p=0.695)), but the difference increased to one VA line for near viewing (Difference, 
+2.00x180:0.11 ± 0.22 and +2.00x90:0.11 ± 0.22). Low contrast VA measured with 
astigmatic defocus were nearly three (Difference, +2.00x180: -0.35 ± 0.15 and 
+2.00x90:-0.21 ± 0.18) and two lines (Difference, +2.00x180:-0.35 ± 0.18 and 
+2.00x90:-0.21 ± 0.18) worse than the predicted VA for distance and near respectively.  
 
 
III.D.4.4 Correlation between Predicted VA and Measured VA and RA 
 
Predicted VA was moderately correlated with distance and near VA and RA for the 
refractive conditions simulating spherical and astigmatic defocus. Similar levels of 
correlation were found for the distance in-focus condition but were not observed for in-
focus near viewing. Varying the letters contrast level produced a constant shift, ~0.30 
logMAR between predicted and measured VA. Reading acuity showed similar 
relationships to predicted VA as HCVA, Figure III.D.7. 

Chapter III.D Pseudophakic Visual Performance Prediction from Ocular Aberrations 
 
250 
 
 
Table III.D.4 Relation between predicted VA (VAP) and measured VA (VAM) and RA (RAM). R 
indicates the Spearman coefficient.  
Distance HCVA [logMAR] LCVA [logMAR]  
In-focus VAM =0.26 u VAP - 0.05 
R=0.34, p=0.004 
VAM =0.68 u VAP + 0.20 
R=0.34, p=0.004 
- 
+2.00x180 VAM =0.42 u VAP + 0.18 
R=0.27, p=0.019 
VAM =0.48 u VAP + 0.50 
R=0.30, p=0.010 
- 
+2.00x90 VAM =0.37 u VAP + 0.22 
R=0.45, p=0.001 
VAM =0.46 u VAP + 0.52 
R=0.36, p=0.002 
- 
+1.00 DS VAM =0.20 u VAP + 0.10 
R=0.40, p=0.001 
VAM =0.21 u VAP + 0.46 
R=0.31, p=0.008 
- 
Near HCVA [logMAR] LCVA [logMAR] RA [logMAR] 
In-focus VAM =0.20 u VAP - 0.05 
R=0.004, p=0.484 
VAM =0.40 u VAP + 0.16 
R=0.009, p=0.472 
RAM =0.26 u VAP + 0.03 
R=0.104, p=0.226 
+2.00x180 VAM =0.28 u VAP + 0.24 
R=0.46, p<0.001 
VAM =0.27 u VAP + 0.53 
R=0.51, p<0.001 
RAM =0.23 u VAP + 0.30 
R=0.42, p=0.001 
+2.00x90 VAM =0.27 u VAP + 0.21 
R=0.47, p<0.001 
VAM =0.32 u VAP + 0.51 
R=0.36, p<0.001 
RAM =0.29 u VAP + 0.21 
R=0.51, p<0.001 
r 0.00DS VAM =0.42 u VAP + 0.10 
R=0.45, p<0.001 
VAM =0.37 u VAP + 0.47 
R=0.57, p<0.001 
RAM =0.41 u VAP + 0.13 
R=0.47, p<0.001 
 
 
 
III.D.5 Discussion 
 
In this chapter the relationship between ocular aberrations (residual refractive error or 
HOA) and visual performance was primarily explored on an individual basis, correlating 
subjective metrics with the aberration coefficients. Secondly the effect of HOA, residual 
refractive error and pupil size were incorporated on a model eye to determine limiting 
spatial frequency of each model eye. Finally, the limiting frequency was correlated with 
subjective measures of visual and reading acuity. Correlation analysis showed a 
systematic influence of residual spherical error on subjective visual performance, more 
positive residual errors hampered distance visual performance and improved near 
vision. On the other hand, HOA were poorly correlated with visual performance for the 
four refractive conditions and both tested distances. Zernike coefficient ܥହି ଷ was 
significantly correlated with ATR and spherical defocus for HC and LCVA at far 
viewing. At near viewing ܥଷଷ, ܥ଺଴ and ܥ଺ି ଺ showed moderate correlations (respectively 
improving, improving, and impairing visual performance) with VA and reading acuity for 
the different refractive conditions. Hayashi et al. (2010) demonstrated that ocular HOA 
(total RMS, 3rd and 4th order RMS) were correlated with different levels of letter contrast 
for distance VA. Nanavaty et al. (2009) reported a weak, but significant, negative 
correlation (R=-0.23) between distance corrected near VA and spherical aberration, 
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arguing that spherical aberration contributes to an enlargement of the depth-of-focus, 
supporting what had been previously reported (Rocha et al., 2007). Contrasting with 
this finding, is the negative correlation (R=-0.37) between primary spherical aberration 
and amplitude of apparent accommodation found by Nishi et al. (2006). The same 
authors, reported a positive correlation (R=0.31) between vertical coma and apparent 
accommodation. For an emmetropic pseudophakic eye, HOA degrade the image of a 
distant object by decreasing the image contrast and producing phase changes on the 
image spatial spectrum. The different HOA create around the plane of best focus an 
extended interval of focal points, producing a region where the object can still be seen 
under a level of acceptable defocus, measured as the depth-of-focus. This extended 
interval of light may accommodate some of the increased higher vergence due to the 
reduction of object distance, provide some degree of pseudoaccommodation. Adding to 
this is also the effect that some aberrations interact with object characteristics (for 
example: letters). Aberrations like primary trefoil or coma introduce a directional blur on 
image that can enhance object visibility. Oshika et al. (2002) have shown a significant 
correlation between ܥଷି ଷ(corneal) and apparent accommodation, although in this study 
the correlations subjective near visual performance was correlated with ܥଷଷ. The 
present data of normal pseudophakic eyes, shows that the dioptric power created by 
HOA is approximately 0.55D for a 4.00 mm pupil and slightly less (~0.45 D) for a 3.00 
mm pupil. Therefore the contribution of HOA on depth-of-focus is limited to 
intermediate distances.   
 
The model eyes created predicted a lower VA than that measured, Figure III.D.8. One 
reason for this could be the choice of the cut-off spatial frequency, especially when this 
was calculated under defocus conditions. The approaches used here were: 
 
 i) use the spatial frequency given by the intersection of the MTF and the retinal 
function for MTF not affected by induced defocus and  
ii) use the spatial frequency given by the first MTF notch for the MTFs affected by 
defocus.  
 
One of the reasons for the higher subjective VA might been that the model eyes only 
account for the first stage of the visual process which is the image formation at the 
photoreceptors level, whereas the measured VA encompasses not only the image 
formation but also the neural mechanism that processes the image. Another reason 
could be the choice of the first notch of the MTF as the limiting frequency indicator for 
VA (Akutsu et al., 2000). The poor predicted VA in comparison with subjective VA 

Chapter III.D Pseudophakic Visual Performance Prediction from Ocular Aberrations 
 
253 
 
included in the simulations was the longitudinal chromatic aberration (MTF calculated 
for a wavelength of 555 nm), while VA was measured using polychromatic light. It has 
been shown that increasing the dispersion of light in pseudophakic eyes implanted with 
acrylic IOL decreased contrast sensitivity (Negishi et al., 2001). Also the longitudinal 
chromatic aberration in pseudophakic eyes implanted with acrylic lenses has been 
quantified as approximately 1.00 D ((Nagata et al., 1999) in (Negishi et al., 2001)), 
higher than the ~0.60 in phakic eyes (Atchison and Smith, 2000) for wavelengths 
between 500 and 640 nm. Given the larger longitudinal chromatic aberration in 
pseudophakic eyes it is possible that it could contribute for some level of 
pseudoaccommodation (increased VA at closer distances), however its effect under 
defocus conditions such as the ones presented here needs to be quantified.  
The individual predicted VA reflects the trend of the subjective measures for the 
majority of the refractive conditions, there is a positive correlation between predicted 
and HCVA, LCVA and reading acuity. Accounting for these differences are neuronal 
processing and ocular features not included in the modelling.  Using the present type of 
modelling, predicted VA accounts for ~20 to ~50% of variance distance and near 
HCVA, which added to the very close regression parameters makes the predicted VA a 
poor predictor of HCVA, especially when refractive conditions are similar such as 
+2.00x180 and +2.00x90. A better or safer approach would be using the relationship 
between predicted VA and reading acuity, since reading performance is affected 
differently (if the two astigmatic conditions are considered) and the regression lines 
reflect this difference.     
 
III.D.5.1 Summary 
 
In summary, no consistent association between ocular wavefront data (individual 
Zernike coefficients) and visual performance was found, indicating that visual 
performance measured as HC, LCVA and reading performance was not strongly 
influenced by any ocular aberration individually. The predicted resolution limit of the 
pseudophakic eyes showed similar correlations with subjective visual performance 
compared to the multiple correlation analysis using individual anatomical 
characteristics. Therefore the visual performance model developed based on 
anatomical features is as predictable as optical modelling models.   
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Chapter III 
 
III.E Astigmatic Blur Influence on Visual Acuity 
Measured using Different Languages Alphabets and 
Charts with Different Letter Arrangement 
 
 
III.E.1 Aim 
 
This section presents two experiments, 
 
D1. Astigmatic Blur Influence on Visual Acuity Measured using Different Languages 
Alphabets. 
 
D2. Astigmatic Axis Influence on Visual Acuity Measured using Rows, Columns of 
Letters and Isolated Letters. 
 
The first experiment evaluates how visual acuity measurement and the effects of blur 
vary when letters derived from different alphabets are used in the construction of VA 
charts. Visual acuity assessment is measured in the absence of defocus and with 
different astigmatic conditions. The outcomes should provide information regarding the 
applicability of a standard axis orientation to provide astigmatic pseudoaccommodation 
to enabling functional distance and near vision.   
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A second experiment analyses how visual acuity is affected in the presence of 
astigmatic blur with different axis orientations when letters are presented in a group 
forming a line or a column of letters, or presented as isolated characters. The results 
provide information whether letter arrangement influences VA measurements when 
directional blur is present as expected in the case of astigmatic blur. This should 
provide an insight in to the possible effects of astigmatism on measured visual acuity in 
the main study, which may have been unduly influenced by the use of a presentation 
style that uses the clinically typical rows of letters rather than single letters or columns 
of letters. 
 
 
III.E.2 Introduction 
 
Visual acuity tests using letters, numbers or figures are the standard technique used for 
the assessment of visual performance in clinical practice. They nominally measure the 
visual system’s discrimination ability for fine details, normally referred as the minimum 
angle of resolution, although it is a more complex task than simply resolving the space 
between two contours at high contrast. The VA result relies on the recognition of 
symbols as well as the resolution of the details within the symbols. This mimics a real 
visual discrimination task (Rabbetts, 2007). Letter discrimination (Visual acuity) is 
affected by several factors including pupil size (Atchison et al., 1979), target luminance, 
letter contrast (Johnson and Casson, 1995), retinal eccentricity (Green 1970) and 
refractive error (Atchison et al., 1979).    
 
The characterisation of the optical quality of a system is given by its Optical Transfer 
Function (OTF). This function relates the contrast and phase of a sinusoidal component 
grating of a particular spatial frequency and orientation positioned in the object space 
to the contrast and phase of the sinusoidal image produced by the system. The OTF 
encompasses contributions from different sources of optical degradation such as low-
order and high-order aberrations as well as diffraction and scatter and these are factors 
that contribute to the retinal image quality and to visual performance (Smith, 1982).    
 
The OTF is given by two component functions, the modulation transfer function (MTF) 
and the phase transfer function (PTF). The MTF is the ratio between amplitude of the 
image and the object amplitude and the PTF is characterised by the phase shift of the 
image relative to the object for each of the object spatial frequencies. The low-order 
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optical aberrations, spherical defocus and astigmatism, do not produce changes in 
phase hence the OTF is well represented by the MTF (Atchison and Smith, 2000) when 
these aberrations dominate. Higher order asymmetrical aberrations can produce phase 
shifts but such aberrations are typically very small in comparison to the low order 
optical aberrations. In the case of a diffraction-limited system the geometrical OTF is 
defined by 
 
ܱܶܨሺݒሻ ൌ ܬଵሺߨǤ ߶Ǥ ݒሻߨǤ ߶Ǥ ݒ ܽ݊݀߶ ൌ ݀ǤΔܮ Equation III.E.1 
 
Where ͳ is a first order Bessel function,  is the spatial frequency (cpd), ߶ is the blur 
circle on the retina,  is the pupil diameter (m) and ȟ is the eye refractive error (D). 
The limiting spatial frequency of the optical system, the highest image spatial frequency 
that can be produced by the optical system without a contrast reversal from the object 
() is given by the first zero of the Bessel function, which occurs when the argument 
of the function equals 3.83.  The limiting spatial frequency (in cpd) (Atchison and Smith, 
2000) and the minimum angle of resolution (MAR) (in arc minutes) (Akutsu et al., 2000) 
is given by 
 
ݒ௟௜௠௜௧ ൌ
ͳǤʹʹ
߶  Equation III.E.2 (a) 
ܯܣܴ ൌ ݒ௟௜௠௜௧
ܥܲܮ
ͷ  Equation III.E.2 (b) 
 
Where  is the limiting filter spatial frequency (cycles per letter), corresponding to the 
critical number of cycles for letter identification. Akutsu et al. (2000) reported a critical 
value of 1.5 cycles per letter. Similar values were found in other studies 2.0 cpl (Legge 
et al., 1985a, Majaj et al., 2002), 1.25-1.75 cpl (Thorn and Schwartz, 1990). Majaj et al. 
(2002) proposed that letter stroke frequency was only the variable of interest for letter 
discrimination in small letters whereas for identification of large letters the task was 
performed by the letters’ edges.     
 
Due to the form of the Bessel function, the OTF of a defocused system is characterised 
by a series of notches and elevations above the first zero. This series of notches and 
elevations crosses the MTF zero point in a harmonic fashion, each alternate region 
forming a zone of spurious resolution. In this region when the MTF is contrast reversed 
there is a change in image phase by π. The effect of contrast reversal was proposed as 
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the explanation for higher grating acuity compared with letter acuity (Bedell et al., 
1999). For grating acuity even though the object spatial frequency is above the limiting 
frequency, the contrast reversal occurring in the region of spurious resolution extends 
the detection of gratings to a level of defocus higher than the one determined by the 
first MTF zero (Thorn and Schwartz, 1990). For letter acuity, the information used to 
identify the letter is of comprised to the region below the first OTF zero (Akutsu et al., 
2000). Hence the difference between a resolution task and an identification task is 
important, especially under conditions of optical blur. 
 
In terms of the retinal image, the reduction in the limiting spatial frequency induced by 
spherical defocus is represented in the space domain by an increase in the size of the 
blur circle on the retina. The point spread function (PSF) represents the distribution of 
light on the retina and is calculated as the Fourier Transform of the OTF. Figure III.E.1 
illustrates the effects on the retinal image of convolving a letter and a Gabor pattern 
with the PSF that exists in the presence of spherical defocus. 
 
 
Figure III.E.1 Modulation Transfer Function describing the system performance of the Liou-
Brennan model eye, with +0.50DS of spherical defocus and an object placed at optical infinity. 
The inverse Fourier Transform of the MTF provides the PSF (spatial domain) describing the 
system response to a point of light. The convolution of the PSF with the sharp stimulus, results 
in the image as affected by the optical properties of the system.      
 
However in the presence of astigmatism, the refractive profile across the pupil is no 
longer rotationally symmetric, but instead it shows meridional variations as described 
by the following vector representation (Thibos et al., 1997). 
 
ܲሺߙሻ ൌ ܵ ൅ ܥʹ ൅
ܥ
ʹ ൫ʹሺߠ െ ߙሻ൯ Equation III.E.3 
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Where  is the refractive power at Ƚǡ the meridian of interest,  and  are the spherical 
and astigmatic components and Ʌ is the astigmatic axis. 
 
The meridional power variations create two separated focal lines with their distance 
from the retina being dictated by the refractive power of the most and least powerful 
meridians. The OTF is represented by two curves, one corresponding to the sagital and 
the other to the tangential plane, with different limiting frequencies which creates a non-
rotationally symmetric PSF, Figure III.E.2.   
 
 
Figure III.E.2 Modulation Transfer Function describing the system performance of the Liou-
Brennan model eye, with +0.50x90 DC of spherical defocus, object placed at infinity. The 
inverse Fourier Transform of the MTF provides the PSF (spatial domain) describing the system 
response to a point of light. The convolution of the PSF with the sharp stimulus results in the 
image as affected by the optical properties of the system.      
 
 The meridional variation produced by the astigmatism interacts with the object 
orientation detail, changing its appearance and therefore the ability to be discriminated, 
Figure III.E.2 (Bradley et al., 1991).   
 
 
III.E.2.1 Effects of Spherical and Astigmatic Blur on Visual Acuity 
 
The decrease in the limiting frequency and increase in PSF area created by the 
presence of spherical defocus is confirmed by a linear decrease in VA as defocus level 
increases, predicting for +1.00DS approximately a VA of 0.40 logMAR (Smith, 1982, 
Akutsu et al., 2000, Thorn and Schwartz, 1990). However other studies have reported 
higher VA levels for the same level of defocus ~0.1 LogMAR (pupil = 2.0 mm)(Atchison 
et al., 1979);  ~0.2 LogMAR (Wildsoet et al., 1998);  ~0.2 LogMAR (Quaid et al., 2002) 
and ~0.18 LogMAR (Villegas et al., 2002). 
M
od
ul
at
io
n
0
0.2
0.4
0.6
0.8
1
0 5 10 15 20 25 30
Spatial Frequency (cpd)
Tangential
Sagital
PSF
 =


=
=
Chapter III.E Astigmatic Blur Influence on VA Measured using Different 
Alphabets and Charts with Different Letter Arrangement  
    
 
259 
 
 
As with spherical defocus, astigmatism also contributes to a decrease in VA (Kamiya et 
al., 2012b, Ohlendorf et al., 2011b, Remon et al., 2006, Wildsoet et al., 1998), however 
at a lower degradation rate. The effect of astigmatic and spherical defocus on VA can 
be compared by considering the refractive vector strength, 
 
ݑ ൌ ටܯଶ ൅ ܬ଴ଶ ൅ ܬସହଶ  Equation III.E.3 
 
Where  
ܯ ൌ ܵ ൅ ܥʹ ܬ଴ ൌ െ
ܥ
ʹ ሺʹߙሻ ܬସହ ൌ െ
ܥ
ʹ ሺʹߙሻ 
 
Considering a spherical (+1.00 DS) and an astigmatic refraction (+1.00x180), the 
astigmatic blur strength is ~0.71 (1/2) times the magnitude of spherical blur. Remon et 
al. (2006) measured VA in the presence of simple myopic astigmatic (+cylx45) and 
spherical defocus, the VA regression lines traced as a function of blur strength for the 
astigmatic and spherical condition have a mean ratio of ~0.75, close to the theoretical 
prediction.     
 
As pointed out previously the interaction between astigmatic defocus and the dominant 
letter detail may produce different levels of letter discrimination for the same astigmatic 
power (Wildsoet et al., 1998, Reich and Ekabutr, 2002) for different meridians. For 
instance Roman letters normally used in VA charts are composed of more dominant 
vertical and horizontal strokes compared to oblique detail. This reduces the visibility of 
the letters, hence VA, in the presence of oblique astigmatism compared to other forms 
of astigmatism that have the astigmatic axis closer to the horizontal or vertical meridian 
(Rabbetts, 2007). Further evidence of astigmatic orientation influence on VA is seen in 
studies where vertical and horizontal astigmatic defocus is used, which is the case 
when simple myopic ATR and WTR astigmatism are simulated. Although there is a 
smaller effect when compared with oblique blur orientation, if the PSF projected on the 
retina is horizontal as simulated by an ATR astigmatism, letter discrimination tends to 
be lower when compared with vertical blur (Wildsoet et al., 1998, Kamiya et al., 2012b). 
Kamiya et al. (2012b) evaluated the effect of simple myopic astigmatism WTR and ATR 
(1.0, 2.0 and 3.0 DC) on VA, using different pupil sizes (1.0 to 5.0 mm). Although no 
statistics were presented regarding the difference in VA scores for WTR and ATR 
astigmatism, all astigmatic conditions tested (power and pupil size) showed higher VA 
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when WTR astigmatism was the condition tested. These findings agree with the 
increased level of dissatisfaction manifested by the subjects when small amounts of 
ATR (+0.50 x 90) (95% dissatisfaction) and oblique (+0.50 x 45) astigmatism (100% 
dissatisfaction) were purposively induced over their subjective refraction, compared 
with similar quantity of WTR astigmatism (+0.50 x 180) (80% dissatisfaction) (Miller et 
al., 1997).     
 
Remon et al. (2006) in their study regarding the effect of astigmatic orientation on VA 
induced different amounts of simple myopic astigmatism (up to 3.00 DC), orientated 
from 0 to 90 degrees in 15 degrees steps and measured the level of VA degradation 
using three different VA charts. As expected, their four participants showed a decrease 
in VA with increasing astigmatic blur but with different degradation rates, depending on 
the chart used (0.36 to 0.40 logMAR/DC with a letter based chart; 0.20 to 0.29 
logMAR/DC with an orientation C-Landolt chart). This difference in VA loss between 
chart types and the similarity of the degradation curves for different astigmatic axes on 
the same chart, lead the authors to propose that astigmatic axis is a less important 
contributor to VA than chart type. Furthermore, they also reported higher inter-
participant score variation compared to axis orientation variation. Their conclusions 
were that astigmatic power strength may be described using vector notation, proposed 
by Thibos et al. (1997), independent of cylinder orientation. Despite the arguments they 
advanced, evidence of orientational effects was present in their data, as seen by the 
poorer VA for 45 degrees cylinder axis compared to other axis positions. Remon’s 
findings were more recently supported by the outcomes of an experiment testing the 
effect of astigmatic blur orientation using convolved letters and optical induced defocus 
(Ohlendorf et al., 2011b). This work determined the amount of defocus required to 
degrade VA to VA levels equal to 0.0, 0.2 and 0.5 logMAR units. For a 3.0mm pupil, 
using convex cylinders on average (simple myopic astigmatism) the participants 
needed ~ +0.75DC, ~ +2.00DC and ~ +3.25 to reach the target VA levels. However, 
when simulated blur (convolved images) was used the dioptric power needed was 
much lower. Regarding the visual performance for different axes orientations, the minor 
differences observed in their data were not significant. 
 
Investigation of the tolerance to spherical, cross-cylinder (Atchison et al., 2009) and 
simple cylinder blur (Guo and Atchison, 2010), revealed that in comparison to spherical 
defocus there was ~10% lower tolerance to cross-cylinder blur, ~50% higher tolerance 
to simple cylinder blur when viewing letters and ~30% higher tolerance when observing 
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text. For simulated distance test, tolerance to blur of cyclopleged subjects varied 
according to astigmatic axis orientation, with the 180 axis cylinder (-cylx180) showing 
~18% higher tolerance than the least tolerable axis orientation, which was 45 degrees. 
There was also no significant difference in the tolerance to astigmatic blur levels due to 
the presence of higher-order aberrations.   
 
 
III.E.2.2 Effect of Pupil on Visual Acuity  
 
Kamiya et al investigated the effects of uncorrected VA induced by WTR and ATR 
simple myopic astigmatism using different pupil sizes. The results indicate a decrease 
in VA with increasing pupil size in the presence of astigmatic refractive error (Kamiya et 
al., 2012b). These recent findings concur with the effect of pupil size on VA in the 
presence of spherical ametropia (Atchison et al., 1979) and are in accordance with the 
retinal blur circle prediction which is dependent on pupil size and refractive error 
(Atchison and Smith, 2000). With 1.00DC of astigmatic defocus VA was maximal at a 
2.0 mm pupil diameter but for higher astigmatic powers, maximum VA was attained 
with smaller pupils (Kamiya et al., 2012b). 
 
 
III.E.2.3 Letter Arrangement  
 
Commonly VA assessment is performed using rows of letters. This arrangement 
matches the traditional reading and writing task for occidental cultures. While single 
letter discrimination provides information about the optical effect on a single character, 
this condition does not include interactions between adjacent letters, as happens in real 
tasks. It is well known that letter recognition is affected by nearby contours, decreasing 
the ability to discriminate letters (Bouma, 1970). This “crowding” effect has a cortical 
origin. It is believed to be a two stage phenomenon, with an initial stage related to 
simple detection of features in brain area V1 and a second stage associated with the 
interpretation of an object’s characteristics which occurs beyond V1 (Levi, 2008). In 
foveal vision, the crowding effect was considered a simple contrast masking 
phenomenon, with its strength proportional to the letter size (Levi et al., 2002). When 
viewing letters in the presence of spherical dioptric blur, these are smeared to occupy 
an area that goes beyond the in-focus sharp contours, interfering with letters in the 
neighbourhood and increasing the contrast masking. Astigmatic defocus produces 
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similar levels of letter interaction but only when the orientation of defocus is parallel to 
the letters’ arrangement direction. When the defocus and the letter arrangement are 
perpendicular to each other, minimal contrast masking is present due to the large 
space between the groups of letters.  
 
 
III.E.2.4 Visual Acuity and Functional Vision 
 
Visual acuity as a procedure to assist clinical refraction should use defined standards 
independent on the visual environment and cultural background of the patients (Zhang 
et al., 2007a). VA charts such as the Landolt-C or Tumbling-E minimize the effect of 
cognitive abilities on VA evaluation (Plainis et al., 2007). However, when there is a 
need to evaluate the influence of the refractive error on daily tasks, this is no longer 
solely an evaluation of the resolving capability of the eye but rather a measure of the 
visual function level (Zhang et al., 2007a). To evaluate the functionality of the visual 
system, the tools to be applied should more nearly resemble common visual tasks. 
When this needs to be done in population with a different language and alphabet, 
probably the simplest solution is to use local alphabetical symbols (letters) instead of 
the standard directional symbols or foreign alphabetical charts. Several VA charts have 
been developed in Roman/Wide European (Plainis et al., 2007), Arabic (Al-Mufarrej et 
al., 1996), Chinese (Lam 2008), Thai (Ruamviboonsuk and Tiensuwan, 2002) and in 
different Indian dialects Hindi, Gujarati (Khamar et al., 1996), Punjabi (Sailoganathan et 
al., 2002) and Tamil (Varadharajan et al., 2009) as tools to assess visual function in 
different world regions.  
 
These charts have particular letter characteristics, such as the form of the letter, stroke 
width and stroke orientation dominance. All or some of these factors may influence 
letter discrimination (Majaj et al., 2002). Optical defocus is known to affect VA in 
different ways depending on the chart design (Wildsoet et al., 1998) and it is possible 
that charts built using different alphabets may suffer from the same effect.  
 
A practical examination of this situation would be to evaluate how VA using different 
types of alphabetical charts is affected by astigmatic blur. Unwanted astigmatism has 
been shown to adversely affect distance and near VA, reading performance, other near 
vision tasks and driving (Wolffsohn et al., 2011, Wills et al., 2012). The presence of 
astigmatism in pseudophakic eyes has also been associated with an extended depth-
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of-focus, known as pseudoaccommodation (Huber, 1981). This beneficial effect of 
astigmatism in pseudophakia, relies on the previously mentioned relationship between 
astigmatic axis orientation and dominant orientation of the letter detail. Several studies 
have pointed-out against the rule astigmatism as the astigmatic form able to provide 
higher near VA due to its interaction with the vertical detail present in Roman lower 
caps alphabet (Trindade et al., 1997, Nagpal et al., 2000), however this effect may 
show different results when other alphabets are used.  
 
Since the majority of people with visual impairment due to an unmet demand for 
cataract surgery live in regions where Roman alphabet is not used (Resnikoff et al., 
2004), added to the fact that post-operative astigmatism is a common refractive 
outcome, the effect that astigmatism would have on cataract surgery outcomes using 
these types of alphabets would be important in order to know if other astigmatic 
orientations would be more desirable to induce pseudoaccommodation.    
 
 
III.E.2.1 Hypothesis 
 
The first two experimental chapters (Chapter I.A and I.B) together with previous 
literature showed that visual performance under astigmatic defocus varies depending 
on axis orientation. This dependency is related to the interaction between the blur 
pattern on the retina and the direction of the predominant object detail, as well as to 
object spatial distribution.  
 
Based on this finding observed when the object was composed by Roman letters, it is 
hypothesised that for the same blur pattern, visual performance might differ with other 
alphabets or when letters are arranged in different directions.  
 
The next two experimental sections (III.E1 and III.E2) address this question by 
evaluating visual performance using different alphabets and letter arrangements.  
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III.E1 Astigmatic blur influence on visual acuity measured using 
different languages alphabets 
 
 
III.E1.3 Methods 
 
III.E1.3.1 Chart Construction 
 
The letters used for presentation were extracted from previously validated VA charts in 
four different languages Arabic (Al-Mufarrej et al., 1996), Chinese (Lam et al., 2008), 
Roman (Plainis et al., 2007) and Indian (Tamil) (Varadharajan et al., 2009), Figure 
III.E.3. A set of ten characters per alphabet, with equal levels of legibility, were used to 
generate sets of five characters, with no repeated letters, which formed the VA lines. 
Four different charts were produced for each alphabet. The Roman letters were 
electronically available (http://psych.nyu.edu/pelli/software.html) in a Sloan font type 
format, whereas the Arabic, Chinese and Tamil letters were reproduced by cropping 
the letters from the original publication and posteriorly fitting them in a 5-by-5 
framework using a software for font creation (Font Creator ver. 6.1, High Logic). The 
Arabic and Chinese characters were defined in the original publication as Sloan font 
type (Al-Mufarrej et al., 1996); (Lam et al., 2008) whereas the Tamil characters were 
reproduced as Amudam font (Varadharajan et al 2009). 
 
 
Figure III.E.3 Letters used to construct the visual acuity charts in Roman, Arabic, Chinese and 
Tamil. 
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III.E1.3.2 Visual Acuity Routine 
 
The letters were generated using Psychophysical Toolbox 3 (PTB-3) supported by 
Matlab and presented individually on an LCD monitor (Nec LCD 175VXM+, resolution: 
1280x1024 pixels, pixel size: 0.264 mm) at the maximum contrast level (99%) with a 
surround background of 291.6 x 236.0 arc minutes and luminance level 147 cd.m-2 
(recommendation for VA measurement 160 cd.m-2 (Ferris and Bailey, 1996)).  Ten 
visual acuity levels, with five letters per level, ranging from 0.7 logMAR to -0.2 logMAR 
in 0.1 steps were defined for a 4.0 m viewing distance. Letter identification consisted of 
a Sheridan-Gardiner visual acuity type of task (Sheridan and Gardiner, 1970), where 
the participant had to match the letter presented on the monitor with one of the letters 
presented on a template consisting of all ten letters, corresponding to the alphabet 
being presented. The ten letters on the template were identified with numbers from 0 to 
9. The template was supported on a plane angled to be perpendicular to the 
participants line of sight when they looked down (45 degrees to the vertical) at 
approximately 0.5 m from the participant, with a background luminance of 130 cd.m-2.  
The character size on the template subtended 1.70 logMAR units.  
 
The participant’s task was to find the best match between the letter presented on the 
monitor and one of the letters drawn on the template. After doing this, the participant 
had to orally dictate to the experimenter the number (0 to 9) on the template attributed 
to the chosen letter. The researcher was blind to the association between letter and 
number. After recording the participant’s response a new letter was presented. The 
termination criterion for each chart was more than three incorrect responses on a line. 
The participant’s responses were stored by the software during the experimental 
session and a letter by letter score was used. 
 
A Latin square was designed, using the type of alphabet (Arabic, Chinese, Roman and 
Tamil) and the refractive conditions, in-focus (0.00DS), with-the-rule astigmatism 
(WTR) (+2.00x180 DC), oblique astigmatism (+2.00x45 DC) and against-the-rule 
astigmatism (ATR), to generate a balanced random presentation protocol. In this way, 
each participant performed sixteen VA measurements. The protocol started by 
presenting letters for 0.5 logMAR units, and progressed to smaller letter sizes when 
three or more letters were correctly matched. If, at the initial VA level (0.5 logMAR), 
fewer than three letters were matched correctly, a larger letter size was presented until 
the observer successfully identified three or more letters at that VA level.  
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 III.E1.3.3 Participants 
 
The study enrolled twenty eight participants (median=23 years old, [19, 51]) that were 
subjectively refracted, aiming to obtain the best monocular subjective refraction (SE=-
0.55 ± 2.49 DS). The tested eye was chosen to be the one achieving higher VA as 
tested using a clinical VA chart or randomly chosen if the VA scores of the two eyes 
were similar, and all participants achieved VA higher than 6/6. An artificial pupil (3.0 
mm) was used to limit of the entrance pupil of the eye and placed in the front cell of the 
trial frame. The spherical component of the subjective correction was placed on the trial 
frame rear cell, the astigmatic refraction in the front cell of the trial frame as well as the 
+2.00 DC lens inducing the different astigmatic blur conditions. Oral information and 
explanation about the study was given to all observers and oral consent obtained. 
 
 
III.E1.3.4 Letter Stroke Frequency and Letter Complexity 
 
The calculation of the letter stroke frequency and letter complexity was performed to 
measure the differences between the alphabets. Letter stroke frequency was 
determined by the number of times that a line traced horizontally or vertically crossed a 
letter stroke (Majaj et al., 2002). This provided information on the vertical and horizontal 
letter stroke frequency, Figure III.E.4 (a).   
 
 
 
Figure III.E.4 Illustration of letter (a) stroke frequency and (b) letter complexity calculation 
 
Letter complexity () was measured by calculating the length of the letter outline () 
and dividing the square of this value by the area occupied by the letter () (ൌʹȀ) 
(Pelli et al., 2006). This was performed by creating a binary image (256 u 256 pixels) 
for all the letters, where the letter was represented by 1’s and the outside “paper” by 
zeros. All characters had the same width and height. Two images were used to 
calculate the complexity, one having the letter outline was determined using an edge 
(A) Letter Stroke Frequency
Horizontal Stroke Frequency = 3 spc
Vertical Stroke Frequency = 1 spc
(B) Letter Complexity
Letter Outline Letter Area
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detection procedure in Corel Draw (Corel Draw 12® Corel Corporation 2003) and the 
second having the original letter, Figure III.E.4 (b). The letter outline length was 
calculated as the number of 1’s defining the outline and the letter area by the number 
of 1’s forming the letter full thickness letter, using a custom routine written in Matlab 
(Matlab® R2007b, The Mathworks Inc).         
 
 
III.E1.3.5 Statistical Analysis 
 
Statistical analysis was performed using SPSS (SPSS® 16, SPSS package). Normality 
of the data was verified using the Shapiro-Wick test and the two-way analysis of 
variance (ANOVA) was used to analyse differences between alphabetical charts and 
refractive conditions. Further, one-way ANOVA was applied to identify statistical 
differences between refractive conditions within each VA chart.  Differences in alphabet 
letter stroke frequency and letter complexity were analysed using non-parametric tests, 
due to failures in normality criteria. The Kruskall-Wallis test was used to compare the 
four alphabets and as post-hoc the Mann-Whitney test with Bonferroni correction to 
compare pairs of alphabets.   
 
 
III.E1.4 Results 
 
III.E1.4.1 Visual Acuity  
 
Table III.E.1 and Figure III.E.5 present the VA scores for the four alphabets in the 
presence of the four refractive conditions.  
 
Table III.E.1 Visual acuity scores for the different alphabetical chart and refractive conditions. 
Values represent VA score ± 1 Standard Deviation (SD). 
Visual Acuity [logMAR] 
 In-focus +2.00x180 +2.00x45 +2.00x90 
Arabic -0.03 ± 0.07 0.24 ± 0.13 0.42 ± 0.12 0.30 ± 0.12 
Chinese -0.02 ± 0.09 0.21 ± 0.12 0.40 ± 0.12 0.33 ± 0.10 
Roman -0.09 ± 0.07 0.10 ± 0.12 0.20 ± 0.10 0.14 ± 0.09 
Tamil 0.10 ± 0.12 0.36 ± 0.12 0.46 ± 0.13 0.44 ± 0.13 
 
On average, participants demonstrated different levels of letter discrimination for the 
four alphabetic charts, F(2.193, 59.209)=126.486 p=0.000, Table III.E.2. Letter 
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Table III.E.2 Statistical analysis between the different alphabets and refractive condition, 
obtained by 2-way ANOVA repeated measurements. 
 
 
Arabic Chinese Roman Tamil Alphabet 
In-focus 
 
 
F(1,27)=0.000 
p=0.993 
F(1,27)=200.746 
p=0.000 
F(1,27)=51.319 
p=0.000 
Arabic 
+2.00x180 
F(1,27)=177.260 
p=0.000 
 
 
F(1,27)=191.036 
p=0.000 
F(1,27)=57.905 
p=0.000 
Chinese 
+2.00x45 
F(1,27)=504.077 
p=0.000 
F(1,27)=71.063 
p=0.000 
 
F(1,27)=223.617 
p=0.000 
Roman 
+2.00x90 
F(1,27)=478.388 
p=0.000 
F(1,27)=22.179 
p=0.000 
F(1,27)=18.127 
p=0.000 
 Tamil 
Refractive 
Condition 
In-focus +2.00x180 +2.00x45 +2.00x90  
 
 
Significant interactions between alphabet and refractive condition were observed F(9, 
243)=5.711 p=0.000. This indicated that different refractive conditions had unequal 
effects in the way that VA was degraded when different charts were used. Table III.E.3 
summarizes these interactions. 
 
Table III.E.3 Interactions between alphabetic charts and refractive conditions. (*Indicates 
statistical significant differences). 
 In-focus vs 
WTR 
In-focus vs 
Oblique 
In-focus vs 
ATR 
WTR vs 
Oblique 
WTR vs  
ATR 
ATR vs  
Oblique 
Arabic 
vs 
Chinese 
F(1,27)=1.43 
p=0.242 
F(1,27)=0.53 
p=0.472 
F(1,27)=1.05 
p=0.316 
F(1,27)=0.07 
p=0.798 
F(1,27)=3.49 
p=0.073 
F(1,27)=1.83 
p=0.188 
Arabic 
vs 
Roman 
F(1,27)=9.02 
p=0.006* 
F(1,27)=18.47 
p=0.000* 
F(1,27)=20.36 
p=0.000* 
F(1,27)=5.70 
p=0.024* 
F(1,27)=0.94 
p=0.342 
F(1,27)=2.62 
p=0.187 
Arabic 
vs 
Tamil 
F(1,27)=0.06 
p=0.814 
F(1,27)=5.38 
p=0.028* 
F(1,27)=0.61 
p=0.263 
F(1,27)=5.48 
p=0.027* 
F(1,27)=0.49 
p=0.498 
F(1,27)=10.28 
p=0.003* 
Chinese 
vs 
Roman 
F(1,27)=2.96 
p=0.097 
F(1,27)=17.02 
p=0.000* 
F(1,27)=23.25 
p=0.000* 
F(1,27)=10.52 
p=0.003* 
F(1,27)=5.42 
p=0.028* 
F(1,27)=0.04 
p=0.843 
Chinese 
vs 
Tamil 
F(1,27)=0.455 
p=0.506 
F(1,27)=5.16 
p=0.031* 
F(1,27)=0.17 
p=0.680 
F(1,27)=7.745 
p=0.010* 
F(1,27)=1.43 
p=0.243 
F(1,27)=1.93 
p=0.176 
Roman 
vs 
Tamil 
F(1,27)=4.96 
p=0.034* 
F(1,27)=5.94 
p=0.023* 
F(1,27)=18.79 
p=0.000* 
F(1,27)=0.01 
p=0.851 
F(1,27)=2.52 
p=0.124 
F(1,27)=2.18 
p=0.152 
 
No interaction between chart and refractive condition was found for the Arabic and 
Chinese charts. The Arabic alphabet was significantly more affected by the presence of 
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The astigmatic defocus in any of the three forms degraded VA significantly compared 
to the in-focus condition. Discrimination of Arabic and Chinese letters showed a higher 
dependence on blur orientation compared to that found with the Tamil and Roman 
alphabets. For the Roman alphabet no statistical difference was found between WTR 
and ATR astigmatic conditions, whereas for the Tamil charts oblique and ATR 
astigmatism produced similar effects on VA.  
 
Figure III.E.7, shows the differences in VA for the four charts under the same refractive 
condition. Within each of the four refractive conditions, VA varied depending on the 
alphabetic chart presented. For the in-focus condition F(2.279, 61.544)=29.818 
p=0.000, WTR astigmatism F(3, 91)=41.785 p=0.000, oblique astigmatism +2.00x45 
F(3, 91)=45.287 p=0.000 and ATR astigmatism (+2.00x90) F(3, 91)=68.622 p=0.000.  
 
 
Figure III.E.7 Bar plot for the different refractive conditions, Error bars represent 1 SD. 
  
Discrimination of Roman letters for each of the four refractive conditions was the 
highest, and this was statistically significant compared to the discrimination attained 
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with any of the other three charts. For the in-focus condition Roman letters were more 
visible by approximately 0.05 logMAR units (half line) than the Arabic and Chinese 
letters and by almost 0.2 logMAR units (2 lines) than the Tamil letters. In the astigmatic 
conditions these differences doubled. Arabic and Chinese letters were similarly 
affected by astigmatic defocus at any orientation and allowed for significantly higher VA 
for the WTR and ATR condition than Tamil letters, however for the oblique astigmatism 
conditions the three charts showed similar results.  
 
III.E1.4.2 Letter Stroke Frequency and Letter Complexity  
 
Figure III.D.8 (a) shows the vertical and horizontal letter stroke frequency for the 
different VA charts. The four alphabets had similar horizontal letter stroke frequency 
H(3)=1.31, p=0.71, but different vertical letter stroke frequency H(3)=20.13, p<0.001, 
with the Tamil letters showing higher vertical stroke frequency. Similarly for letter 
complexity, Tamil letters had a higher complexity index H(3)=22.82, p<0.001, Figure 
III.E.8 (b).   
 
 
Figure III.E.8 (a) Letter stroke frequency for the different alphabets and (b) Letter complexity 
index. (* Indicates statistical significant differences p<0.0125)   
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III.E1.5 Discussion 
 
III.E1.5.1 Visual Acuity In-Focus using Four Alphabetic Charts 
Participants showed higher VA levels for the Roman VA chart than for any of the three 
alternative charts. The values obtained were within the values reported by earlier 
authors for fully corrected young adults (Plainis et al., 2007, Atchison et al., 1979, 
Wildsoet et al., 1998). The higher VA levels may be explained by three factors. The first 
one is related with the participants’ familiarity with the Roman alphabet compared with 
the other three tested alphabets. Pelli et al. (2006) measured the efficiency in letter 
discrimination tasks for different types of alphabets and letter fonts. They found that 
familiarity with the alphabet increased the ability to discriminate letters when the 
observers were given some practice. This was demonstrated by their learning curve 
that showed a fast increase for the initial trials, slowing down the progression with 
increased experience. For the present experiment all observers were natural users of 
the Roman alphabet, therefore minimal or no knowledge of the remaining three 
alphabets was expected. The one hour experiment with presentation of four VA charts 
of each alphabet cannot provide sufficient experience to allow identical levels of letter 
discrimination compared with the accumulation of years of experience with the Roman 
alphabet. Having used a Sheridan-Gardner VA test type, the learning effect could have 
been attenuated if meticulous observation and matching was performed by all subjects.  
A second explanation for the difference in VA may be the letter stroke frequency of the 
alphabets. Majaj et al. (2002) using various alphabets, fonts and low- and high pass 
noise to manipulate the frequency of the letter, determined that letter discrimination is a 
mechanism mediated by the signal properties, which uses a single spatial channel of 1 
to 2 octaves wide. They found for sharp-edged letters stroke frequency was the unique 
determinant of channel frequency and letter identification was dependent on the letter 
size, with large letters being identified by their edges and small letters by their large 
strokes. In the current study, the average stroke frequency calculated as the number of 
intersections between letter stroke and a horizontal line, was 1.6, 1.9, 2.0 and 3.2 
(strokes per character) for the Roman, Arabic, Chinese and Tamil alphabets 
respectively. The similarity in stroke width for the Arabic and Chinese alphabets may 
explain why these two alphabets had similar VA adding to the non-familiarity that the 
observers had with these two alphabets. Letter stroke frequency may also partially 
explain the difference between the Arabic, Chinese and Roman alphabet, since Roman 
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letters have a slightly lower letter stroke frequency, enabling a better discrimination. 
Compared with Arabic and Chinese, Tamil letters have a considerably higher stroke 
frequency, which may account partially for the poor VA measured with this alphabet. 
Varadharajan et al. (2009) found 0.14 logMAR units difference when VA was assessed 
using the Tamil and ETDRS charts in a population familiarized with Tamil and Roman 
alphabet. In the present study this difference was higher at 0.19 logMAR, but the 0.14 
logMAR difference is close to the difference between Arabic/Chinese and Tamil charts, 
therefore the half-line difference (0.19-0.14 = 0.05 logMAR) may be attributable to 
alphabet familiarity.   
 
A third factor accounting for the difference in letter discrimination may be the 
complexity of the letters which is inversely related with the perception of letter identity. 
The efficiency of identifying complex letters is lower (Pelli et al., 2006). Tamil letters 
have an average complexity of 113.4 compared with the 69.5, 62.9 and 67.1 obtained 
for the Roman, Arabic and Chinese letters. The higher complexity of the letters 
increases the number of alternatives that the letter could match (Garner (1970) in Pelli 
et al. (2006)). For the present VA task, the higher letter complexity could have led to 
increased confusion in letter matching, hence contributing to lower VA.  
 
The outcomes of VA measured with different alphabets reveal the importance that 
alphabet familiarity and alphabet nature (stroke width and complexity) have on VA 
assessment. This fact may be of special importance when VA charts using foreign 
alphabets are applied in populations using different alphabets.  
 
III.E1.5.2 Visual Acuity with Astigmatic Blur measured with Different Visual 
Acuity Charts 
 
The displacement of one of the focal lines from the retina produces an asymmetric 
distribution of light on the retina with a consequent decrease in VA. The smallest 
degradation in VA was obtained when the Roman letters were used [range: 0.093 to 
0.145 logMAR/DC], the remaining three alphabets Arabic [range: 0.135 to 0.225 
logMAR/DC], Chinese [range: 0.118 to 0.210 logMAR/DC] and Tamil [range: 0.129 to 
0.168 logMAR/DC] showed higher degradation rates in the presence of astigmatic blur. 
The significant interactions between alphabet and optical condition (in-focus vs 
2.00x180, 45 or 90) indicate that the difference in the VA variation between the 
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different alphabets was dependent not only on the refractive condition but also on the 
type of alphabet used in the VA chart. Likewise the Roman letters under defocused 
conditions were the ones enabling higher VA levels. When letters were not familiar to 
the participants VA suffered more degradation. The differences in the VA levels for the 
Arabic, Chinese and Tamil are related to stroke frequency and letter complexity. As 
mentioned earlier Arabic and Chinese letters have similar letter stroke frequency and 
complexity, therefore both defocus curves, Figure III.E.5, are very close to each other. 
For the Tamil VA charts, that also consisted of unfamiliar letters, the VA may well have 
been limited by the higher stroke frequency, mainly for vertical strokes. However the 
lower degradation rate with blur compared to that in the Arabic and Chinese alphabets, 
and the lower in-focus VA, may indicate that letters could have been identified using a 
different strategy. Majaj et al. (2002) proposed that letter identification depends on the 
size with small letters being identified by their gross strokes and large letters identified 
by their edges.  
    
Remon et al. (2006) measured VA using different VA charts, using letters or the 
Landolt-C. Even though the letters used were familiar to the observers, they reported 
considerable within observer variations in VA measured for different charts. Their 
results indicated a degradation in VA of 0.133-0.193 logMAR/DC. The differences in 
degradation rate may have been associated with difference in pupil sizes. They used 
natural pupil size compared with the 3.0 mm pupil size used in the present work. Also 
our individual letter presentation (instead of line presentation as used in Remon’s 
study) and the matching procedure may contribute to these differences. Wildsoet et al. 
(1998), tested the effect of astigmatism on different VA charts using +1.00 and +2.00 
DC, VA for +2.00 DC of astigmatism was considerably worse than that found in this 
work for the Roman alphabet, ranging from ~0.3 logMAR for 180 and 90 degrees to 
~0.5 logMAR for 45 degrees orientation. Similar arguments advanced for the 
differences in Remon’s study may be applied to the differences in the present and 
Wildsoet’s study. No statistically significant difference in visual acuity was found 
between the different charts, despite them having considerably different designs.  
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Figure III.E.9 Convolutions for the 10 letters used in the VA charts for each alphabet, (a) Arabic, 
(b) Chinese, (c) Roman and (d) Tamil. The PSFs for letter convolution were calculated using the 
Liou-Brennan model eye with a 3.0 mm pupil. The different astigmatic conditions were 
simulated using a paraxial lens placed in contact with the anterior cornea. The paraxial lens 
produced generated 0.75 DC and the letter size was 0.1 logMAR.  
 
The last argument may find support in the findings from the Arabic and Chinese 
alphabets. For these charts vertical and horizontal letter stroke frequency was similar: 
1.9/2.2 for the Arabic and 2.0/2.0 for the Chinese. The VA measured with WTR 
astigmatism was significantly higher than when measured with ATR astigmatism. In the 
absence of previous letter experience the participants obtained higher discrimination 
levels when the vertical detail of the character was conserved on the retina. The letter 
stroke frequency for the Tamil alphabet showed a clear bias towards vertical letter 
strokes (3.2/2.0 spc), which was the likely drivers for the statistical significance 
obtained for the difference in VA for the WTR and ATR astigmatism with this chart.   
 
The effect of astigmatic orientation on VA has been challenged in various studies, with 
conflicting evidence of astigmatic orientation effects on VA (Wildsoet et al., 1998, Reich 
and Ekabutr, 2002, Miller et al., 1997, Kamiya et al., 2012b). The present study finds 
evidence of astigmatic axis differences on VA, when VA was measured using Roman 
letters or other alphabets. The VA levels obtained in this study for the astigmatic 
conditions were (+2.00x180: 0.098±0.117 logMAR; +2.00x45: 0.201±0.101 logMAR; 
+2.00x90: 0.136±0.090 logMAR) and these indicate clinically significant differences 
between the oblique axis and vertical (0.05 LogMAR) and horizontal axes (0.01 
LogMAR). The present values were slightly lower than the values measured by Kamiya 
et al (2012b) using the same astigmatic power at two different orientations 180 (0.20 ± 
0.19 logMAR) and 90 (0.27 ± 0.20 logMAR). Wildsoet (1998) using the same conditions 
(a) Arabic (b) Chinese
(c) Roman (d) Tamil
+0.75x180
+0.75x45
+0.75x90
+0.00 DS
+0.75x180
+0.75x45
+0.75x90
+0.00 DS
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as in this study reported the following VA: (+2.00x180 ~0.3 logMAR; +2.00x45: ~0.5 
logMAR; +2.00x90: ~0.3 logMAR logMAR). This latter result indicates a clinically 
significant difference in VA between oblique and a vertical or horizontal axis orientation. 
Subjectively, astigmatic blur induced by small amounts of myopic astigmatism (+0.50 
DC) was classified as less tolerable for ATR and oblique astigmatism than for WTR 
(Miller et al., 1997). Also Guo and Atchison (2010) measured the different levels of 
perceptive blur when the observers looked at letters. They reported orientation 
differences in the perception of blur, with vertical blur being more tolerable than the 
other axis orientations.      
 
 
III.E1.5.4 Practicability of myopic astigmatism providing 
pseudoaccommodation   
 
The principle on which the presence of myopic astigmatism in a pseudophakic eye may 
compensate for the absence of accommodation is based on limiting the area of blur on 
the retina (Huber, 1981). For myopic astigmatism the minimum blur areas will be 
achieved in two positions, one where the retina is conjugate with the remote point of 
the least powerful meridian and the other where the retina is conjugate with the remote 
point of the most powerful meridian. Any object placed between the two remote points 
will be seen under a certain level of blur and distortion. This allows for a balance 
between distance and near visual acuity, with some decrease in distance vision but 
with less effect on near vision as would happen in an emmetropic eye. Distortion is 
smallest in the middle of the astigmatic interval and increases as the object displaces 
toward one of the remote points. This distortion is a result of the uneven distribution of 
light on the retina and makes the relationship between object detail and orientation of 
the light pattern on the retina important.  
 
Based on this principle several studies argued in favour of myopic ATR as the type of 
astigmatism that provided higher levels of visual performance (Trindade et al., 1997, 
Nagpal et al., 2000, Nanavaty et al., 2006) and others suggested WTR astigmatism as 
the optimum astigmatic condition for providing good levels of near and distance vision 
(Sawusch and Guyton, 1991). Despite the differences all had in common the argument 
that the astigmatic condition should favour the visibility of the dominant target detail, 
and this was especially important in Roman reading material due to the predominance 
of vertical detail in these letters as well as the narrower spacing between letters 
compared with the gap between lines (Rabbetts, 2007). Our results add further 
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evidence to the concept that ATR is more harmful for distance VA than WTR 
astigmatism, but the opposite will happen at near distance with the ATR allowing for 
higher visual performance. Evidence of this has been reported in chapter III.A and III.B. 
In chapter III.A, the distance VA degradation measured in the presence of WTR 
astigmatism was lower than the drop in VA measured with ATR astigmatism, however 
for near ATR astigmatism allowed for higher VA gains compared with WTR 
astigmatism. In chapter III.B, although no significant differences were achieved 
between the mean distance or near VA measured with simulated WTR and ATR 
astigmatism, WTR astigmatism was less penalizing for distance and ATR astigmatism 
more beneficial for the close distance viewing.   
 
Our results for the Arabic and Chinese alphabet are an extension of the results 
obtained for the effect of astigmatism on VA measured with Roman alphabet. Visual 
acuity was less degraded when vertical blur was present. For the Tamil letters our 
results indicate that myopic astigmatism may compromise the discrimination of letters 
at distance (if ATR astigmatism is present) or at near (if WTR astigmatism is present), 
making the pseudoaccommodation mechanism that relies on astigmatism poorly 
effective if the distance visual tasks in daily life involve letter identification.  
 
III.E1.5.5 Limitations 
 
A limitation of this study is the fact that no near vision measurements were performed 
on the non-Roman alphabets. We need to assume that a particular astigmatic 
orientation used to produce pseudoaccommodation would produce symmetrical effects 
at closer distances. This is a reasonable assumption as optically there should be no 
difference in the retinal image under astigmatic conditions regardless of whether the 
out of focus line is behind (near viewing) or in front of (distance viewing) the retina 
when accommodation is absent. The work with the Roman alphabet elsewhere in this 
work supports this view. Overcoming the limitation of only having used distance testing 
for non-Roman alphabets would not be difficult for VA measurements, although it would 
be of questionable benefit. A similar test strategy could be used with the added need to 
control accommodation. A realistic measurement of the effect of astigmatism on near 
visual performance to replicate that studied for the Roman alphabet within this work 
would have to rely on near tasks with reading in a language that uses the relevant 
alphabet. This would not be practical to implement. The known adaptation to defocus, 
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spherical (Webster et al., 2002) and astigmatic (Sawides et al., 2010), has been 
minimised by randomising the refractive conditions. Still the 4 minutes task duration 
might have had a minimal effect, since the optimal VA after blur adaptation is achieved 
approximately after 4 minutes exposure to blur (Khan et al., 2013). 
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III.E2 The influence of astigmatic axis on visual acuity 
measured using lines, columns and isolated letters 
 
 
III.E2.3 Methods 
 
III.E2.3.1 Visual Acuity Routine 
 
A procedure to measure visual acuities was developed by creating visual acuity charts, 
with letters arranged in vectors forming rows or columns of letters and as isolated 
characters. The letters were presented on a laptop screen (Acer Aspire 2920, 2.00 
Ghz) and were generated using the Psychophysical Toolbox 3 (PTB) supported by 
Matlab (MatlabTM Student Version 2008, Mathworks INC). The font type used to 
generate the letters was Sloan type (http://psych.nyu.edu/pelli/software.html) and these 
were presented at maximum contrast (94%). The total presentation screen subtended 
300 arcmin horizontally, 187.8 arcmin vertically and had a white background with 220 
cd.m-2 mean luminance (Photometer: Minolta, Japan). A custom Matlab routine was 
created to generate vectors of letters containing 10 letters arranged in random order. 
For the letter arrangement forming rows or columns, the 10 letters per VA level were 
divided in two sets of five letters each and presented separately in the centre of the 
monitor. The spacing between letters was equal to 5x the logMAR presented, which 
was equal to the letter spacing used in chapters III.A and III.B. Isolated letters were 
presented individually in 10 presentations per VA level, in the centre of the screen.  
 
Ten Sloan letters (Ferris et al., 1982) were used and all were presented at each acuity 
level, ranging from 0.5 to -0.2 logMAR units in 0.1 logMAR unit steps, calculated for a 
3.0 m viewing distance. Because 10 letters were used per line each letter 
corresponded to 0.01 logMAR units. The termination criterion adopted for the 
procedure was inability to discriminate any of the letters presented. The operator used 
the laptop keyboard to change the presentation of the letters, the responses were 
registered and a per letter scoring method was used.  
 
The initial VA level was 0.50 logMAR and the observer was asked to read the letters 
presented up to -0.2 logMAR. This applied to the three different types of letter 
presentation and four different refractive conditions, in-focus, +2.00x180 (with-the-rule 
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astigmatism), +2.00x45 (oblique astigmatism) and +2.00x90 (against-the-rule 
astigmatism). Therefore each participant was evaluated under twelve different 
randomly presented conditions.  
 
 
III.E2.3.2 Participants 
 
Fifteen participants were enrolled in the study (median: 27 y/o; range: [20-52] y/o) with 
a mean refractive error of (SE: -1.90 ± 2.10) and astigmatism less than 1.25 DC. Best 
monocular refraction was performed prior to the experiment and the eye with better 
distance VA, measured using the clinical Snellen chart, was chosen to perform the VA 
experiment. All participants had VA better than 6/6 in their best eye. A participant’s 
correction was mounted in a trial frame with the spherical component placed in the rear 
cell of the trial frame and the astigmatic component in the front cell. A 3.0 mm pupil 
was used as the limiting entrance pupil of the eye placed on the trial frame front cell.  
The different astigmatic conditions tested were induced using a positive +2.00 DC 
cylinder oriented at 180, 45 and 90 degrees over the participant’s refraction and for the 
in-focus condition only the participants refraction was used. The purpose of the 
experiment was explained to all subjects and oral agreement obtained for participation. 
All measurements were done in a single session which lasted approximately 50 
minutes.   
  
 
III.E2.3.3 Statistical Analysis 
 
Statistical analysis was performed using SPSS (SPSS® 16, SPSS package). Normality 
of the data was verified using the Shapiro-Wick test and the two-way analysis of 
variance (ANOVA) was used to analyse differences between the charts with different 
letter arrangement and refractive conditions. Further, one-way ANOVA was applied to 
identify statistical differences between refractive conditions within each VA chart.   
 
The effect of the refractive condition on individual letter discrimination was performed 
by determining the last VA line for which the observer was able to discriminate a 
particular letter. When the observer failed to identify a letter in one VA line but was able 
to discriminate the same letter with a smaller MAR, the value considered was the best 
VA for that letter. The threshold for the majority of the letters was not normally 
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distributed. Non-parametric Friedman testing was used to compare each letter across 
the four refractive conditions. Post-hoc analysis comparing each refractive condition 
was performed using the non-parametric Wilcoxon test.   
 
 
III.E2.4 Results 
 
Data normality analysis indicated that all the VA analysed were normally distributed; 
therefore a two-way ANOVA test was applied. Figure III.D.10 summarizes the visual 
acuity measurements for the four refractive conditions simulated and measured using 
charts with different letter arrangement. Differences in VA results were analysed using 
two factors refractive condition and letter arrangement. Statistical analysis including all 
the letter arrangements revealed VA differences according to the refraction condition 
used (F(3, 42)=55.37 p=0.001), Table III.E.4. On the other hand, charts with different 
letters arrangement did not significantly influence VA outcomes (F(2, 28)=1.09 p=0.35) 
averaged across the refractive conditions. Interactions between refractive condition and 
letter arrangement indicated statistical significant differences, (F(3.7, 51.7)=26.95) 
p<0.001. 
 
Table III.E.4 Statistical analysis between charts with different letter arrangements and refractive 
conditions, obtained by 2-way ANOVA repeated measurements 
In-focus +2.00x180 +2.00x45 +2.00x90 
Refractive 
Condition 
 
 
F(1,14)=99.91 
P<0.001 
F(1,14)=162.96 
P<0.001 
F(1,14)=98.273 
P<0.001 
In-focus 
 
 
 
F(1,14)=15.86 
P=0.001 
F(1,14)=5.99 
p=0.028 
+2.00x180 
   
F(1,14)=0.683 
p=0.423 
+2.00x45 
   
 
 
+2.00x90 
 
Post-hoc analysis of the refractive condition effect on VA, detected differences for the 
three types of chart, row of letters (F(3, 42)=55.88 p<0.001), column of letters (F(3, 
42)=85.35 p<0.001) and individual letters (F(3, 42)=44.83 p<0.001).  For all chart types 
astigmatic defocus independent of the orientation produced a marked degradation in 
VA from the in-focus condition. Within the three astigmatic conditions, oblique 
astigmatism produced the highest degradation followed by the simulated against-the-
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Table III.E.5 Interactions between chart type and refractive conditions. (*Indicates statistically 
significant differences) 
 In-focus vs 
WTR 
In-focus vs 
Oblique 
In-focus vs 
ATR 
WTR vs 
Oblique 
WTR vs  
ATR 
ATR vs  
Oblique 
Row  
vs 
Column 
F(1,14)=35.18 
p<0.001* 
F(1,14)=0.001 
P=0.973 
F(1,14)=1.52 
p=0.238 
F(1,14)=16.33 
p=0.001* 
F(1,14)=20.72 
p<0.001* 
F(1,14)=0.98 
p=0.331 
Row 
 vs 
Individual 
F(1,14)=30.79 
p<0.001* 
F(1,14)=0.138 
p=0.716 
F(1,14)=4.97 
p=0.042* 
F(1,14)=8.54 
p=0.011* 
F(1,14)=23.83 
p<0.001* 
F(1,14)=1.99 
p=0.190 
Column 
vs 
Individual 
F(1,14)=3.75 
p=0.073 
F(1,14)=0.24 
p=0.633 
F(1,14)=1.66 
p=0.218 
F(1,14)=0.09 
p=0.766 
F(1,14)=0.09 
p=0.766 
F(1,14)=0.32 
p=0.582 
 
Changing letter arrangement from a row to a column of letters increased the difference 
between the In-focus and WTR conditions (F(1,14)=35.18 p<0.001) and removed the 
difference between the WTR and ATR conditions (F(1,14)=20.72 p<0.001). The ATR 
condition produced better VA when letter arrangement was not horizontal, as can also 
be seen by the interaction between the in-focus and ATR condition (F(1,14)= 4.97 
p<0.042) and WTR and ATR condition (F(1,14)= 23.83 p<0.001) when rows and 
individual letters are compared. 
 
Using the individual letter chart, differences in letter discrimination were assessed by 
determining the highest VA line where the observer was able to discriminate the letter. 
The average values for the four refractive conditions are presented in Figure III.E.11.  
 





 291 
 
 
 
 
 
 
Chapter III 
 
III.F. Accommodation under Cross-Cylinder Blur  
 
 
III.F.1 Aim 
 
The aim of this chapter was to measure the accommodative response (AR) in a 
population of young subjects using different astigmatic blur conditions. The ground for 
this work was based on the hypothesis advanced in Chapter III.A.5.1 to explain the 
difference in reading performance in a group of “cyclopleged” participants when these 
read a target under the same amount of blur but with different orientation. The AR was 
measured using stimuli with different spatial characteristics, such as isotropic (Maltese 
cross) and anisotropic (Letters) contours, when these are observed under different 
cross-cylinder defocus conditions.   
 
 
III.F.2 Introduction 
 
The presence of astigmatism in the visual system leads to a degradation in the retinal 
image quality with consequent decrease in visual acuity (Bradley et al., 1991). The 
effect of astigmatism on reading performance was more recently investigated using 
cross-cylinder lenses. Wolffsohn et al. (2011) worked with a group of late presbyopes 
and reported that distance and near visual acuity measured with different letter contrast 
were significantly affected by astigmatic power and axis orientation. The findings were 
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similar when reading speed was assessed under astigmatic defocus. The reading 
acuity decreased by 0.13 logMAR/DC and the astigmatic effects worsened when for 
oblique [(-cyl/2)/+cylx45] and against-the-rule [(-cyl/2)/+cylx90] astigmatism. Wills et al. 
(2012) found similar effects of cross-cylinder blur on reading. Using +1.00 and +2.00 
DC of astigmatism, they reported an impairment in reading performance for N16 letters 
with +2.00 DC ATR astigmatism but for smaller letter sizes, N10 and N12, reading 
performance was also dependent on astigmatic axis orientation. Another recent study 
(Rosenfield et al., 2012) found no difference in reading rate in the presence of 
hyperopic astigmatism up to 2.00DC, despite their cohort of participants having 
manifested an increase in visual post-task related symptoms. Atchison et al. (2009) 
measured the limits to just noticeable, just troublesome and just objectionable blur, 
using cross cylinder blur created in an adaptive optics system. The blur tolerance 
reported was dependent on the astigmatic meridian, with the majority of the subjects 
showing lower limits for the ATR [(+cyl/2)/-cylx90] condition, the axes oriented at 180 
and 157.5 degrees produced the largest limits. These results are somehow opposite to 
the reading performance findings from Wolffsohn et al. (2011) and Wills et al. (2012) 
who found higher reading rates when the astigmatic defocus was in the form [(-
cyl/2)/+cylx180]. 
 
Reading under spherical defocus conditions has been shown to decrease the ability to 
detect small print size and increases the letter size required to read at maximum 
reading rate (threshold print size) (Chung et al., 2007). This happens because the 
modulation transfer function (MTF) in the presence of defocus has a reduced limiting 
frequency, leading to an increase in the letter size in order to be discriminated (Legge 
et al., 1985a, Akutsu et al., 2000). For an astigmatic condition a similar effect may be 
expected, however the MTF will present meridional differences (Charman and Voisin, 
1993) producing a variation in the detail visibility dependent on its orientation. In order 
to minimise the effect of astigmatic defocus and maximise visual performance the eye 
may adopt strategies to obtain maximum possible clarity of the target of regard. One of 
such approaches consists of placing the focal line providing higher object clarity on the 
retina (Freeman, 1975, Byakuno et al., 1994), another one would be locating both focal 
lines equidistant from the retina, hence obtaining a partial contribution of the 
information contained in both focal lines (Rosenfield and Ciuffreda, 1991). A third 
hypothesis consists of providing an alternate focus of both focal lines, by inducing 
cyclic accommodative oscillations (Arnulf et al., 1981, Denieul, 1982, Stark et al., 
2003).     
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The near cross-cylinder test used in optometric clinic practice resembles the presence 
of astigmatism and is used to evaluate the accommodative response (Borish, 2006). 
The test uses a cross-type (¨) target viewed through a cross-cylinder lens, (lens with 
equal powers in orthogonal directions, but opposite signs), which creates a mixed 
astigmatism with the two focal lines dioptrically separated by the cylinder power. In 
most accommodative states the target contours are not equally clear. The AR can 
therefore be quantified by determining the spherical power that makes both target limbs 
equally clear. Several studies have adopted a similar strategy to evaluate the 
accommodative behaviour in the presence of astigmatism, either by spatially 
separating the target components (Owens, 1979, Adams and Johnson, 1991, 
Rosenfield and Ciuffreda, 1991) or by inducing different levels of blur to the target 
components (Westheimer, 1958, Stark et al., 2003). 
 
The early research on accommodative behaviour in the presence of a target that could 
not be seen simultaneously in focus suggested that observers tended to focus midway 
between the two stimulus components or they directed the focus towards one of the 
target components (Fry, 1940, Westheimer, 1958). An initial hypothesis to explain the 
accommodative behaviour was that the awareness of the object proximity would drive 
the AR (Fry, 1940). Later on, Owens (1979) measured the AR to a conflicting stimulus 
composed of a matrix of Snellen letters superimposed on a mesh screen, placed at 
various distances between the observer and the letters’ matrix. The results suggested 
that the AR elicited moved the stimulus which was closest to the tonic point of 
accommodation (TA) to a focus position. The results were confirmed in a second 
experiment, where observers looked at a symmetric target (shape, Â) composed by 
two crosses (¨ and ¯) spatially separated, with the results indicating that the object 
component brought into focus was the one dioptrically closest to the tonic point of 
accommodation. This evidence led the author to propose that the accommodative 
response to a conflicting stimulus shows a bias to the TA (Owens, 1979). Owens’ 
results regarding the contribution of TA were questioned by Rosenfield & Ciuffreda 
(1991). Using a cross-type stimulus spatially separated by 2.00 or 4.00DS and the 
stimulus limbs located at various vergences (5.0/3.0; 3.0/1.0 and 5.0/1.0 DS), their 
twelve observers exhibited a wide range of AR. Some observers exceeded the dioptric 
interval between stimulus, others focused the proximal or distal target, whereas others 
accommodated between both targets. The different accommodative response patterns 
and the correlations found between AR and TA, lead the authors to suggest that the 
response to a conflicting stimulus has several components such as, proximal, vergence 
and tonic accommodation. Adams and Taylor (1991) using a similar approach to the 
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one used by Rosenfield & Ciuffreda, reported a preference of their observers to focus 
on one of the target components. Five of their nine subjects had a focusing preference 
to the target located nearer to the dark focus position (effectively the TA), in 
accordance with Owens’ results, whereas two observers preferred to focus the nearest 
target and two others preferentially chose the vertical target, independent of its 
position. Their dynamic accommodative measurements indicated that observers rarely 
changed focus from one target limb to the other or accommodated midway between 
the two target vergences and when this happened it was only for the smallest target 
separation.  
 
Evidence of cyclic accommodative patterns, changing focus from one focal to the other 
was found in other studies by measuring the accommodative response dynamically 
(Arnulf et al., 1981, Denieul, 1982, Stark et al., 2003). The cyclic pattern has been 
shown to have a period of approximately 1 to 7 seconds and may represent voluntary 
changes in accommodation (Stark et al., 2003). Stark and colleagues (2003) developed 
a study using single-case statistics in order to characterise the accommodative 
behaviour when a Maltese cross was viewed under different levels of cross-cylinder 
defocus. They showed that three out of their seven participants exhibited cyclic 
accommodative patterns but this cyclic movement did not cover the total range of the 
astigmatic interval, possibly because there was no need to exactly place the focal line 
exactly on the retina to obtain maximum object detail. This also suggested that 
oscillatory patterns may be of greater importance for higher astigmatic differences. 
Furthermore they were able to show that the presence of astigmatism increased the 
AR variability (Stark et al., 2003).  In their final remarks they conclude that an eye in the 
presence of astigmatism accommodates to a fixed focus that maximizes the object 
clarity for the dominant detail (Bradley et al., 1991) or the accommodation adopts a 
cyclic behaviour that allows for successive perception of different target details leading 
to an increase in object discrimination ((Potter et al., 2002) in (Stark et al., 2003)).   
 
III.F.2.1 Hypothesis 
 
To date the studies evaluating the AR to a conflicting stimulus used mainly stimuli with 
two or more lines of symmetry, such as cross-type stimulus, however this does not 
resemble a common stimulus involved in daily visual tasks as would happen with 
letters. Furthermore recent studies of reading performance with astigmatic defocus 
point out differences in reading, depending on the axis orientation. Previous 
experimental chapters have shown higher visual performance in pseudophakic 
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subjects when letters’ vertical details were maintained close to focus, as well as 
differences in reading performance between a group of phakic subjects (Chapter IIIA). 
 
Since accommodation is a physiological mechanism that minimizes the retinal defocus, 
in the presence of a conflicting stimulus it could be hypothesised that AR would change 
depending upon the position of the most important object detail relative to the retina.   
 
To investigate this, the present study reports three experiments where the dynamic 
accommodative response was evaluated using i) a directional stimulus, ii) a multiply 
symmetrical stimulus and iii) a text target. 
 
 
III.F.3 Methods 
 
The present experimental study was divided in three parts all of which share the same 
physical setup, with variations in the target stimulus between experiments. The 
different stimuli used were as follows: experiment I - group of horizontal lines, 
experiment II - Maltese cross, experiment III – text target. The experiments were 
performed across three separate sessions, in the following order, experiment II, III and 
I, however for clarity in data presentation they will be presented as enumerated.   
 
III.F.3.1 Participants  
 
The experimental sessions I, II and III enrolled 6, 17 and 13 young observers 
respectively, experiment I 27.0 ± 3.1 y/o (median: 27.0 y/o, range: [23, 32]), experiment 
II 25.9 ± 4.0 y/o (median: 25.5 y/o, range: [20, 32]) and experiment III 26.3 ± 3.8 y/o 
(median: 26.0 y/o, range: [20, 32]). In experiment II three observers were excluded 
from data analysis, two due poor quality in the sampling and the third due to poor 
accommodative behaviour, manifested as an inability to recover focus after removal of 
the defocusing lens. After subjective refraction on the right eye, Table III.E.1, all 
subjects achieved a monocular VA of 6/5 or better in the right eye. The spherical 
refractive component was corrected using disposable contact lenses (Focus Dailies, 
Ciba Vision), which only occurred in myopic participants. During the experiment the left 
eye was kept occluded.  
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Table III.F.1 Subjective refractions for the observers enrolled in the three experimental 
sessions. 
Experiment I Experiment II Experiment III 
Obs Sph Cyl Axis Obs Sph Cyl Axis Obs Sph Cyl Axis 
VC -4.75   VC -4.75   VC -4.75   
UT ±0.00   UT ±0.00   UT ±0.00   
MR -0.50   MR -0.50   MR -0.50   
CA +0.25 -0.25 170 CA +0.25 -0.25 170 CA +0.25 -0.25 170 
TF -2.25   TF -2.25   TF -2.25   
RS -4.25 -0.25 90 RS -4.25 -0.25 90 RS -4.25 -0.25 90 
    SC ±0.00   SC ±0.00   
    KM ±0.00   KM ±0.00   
    SW ±0.00   SW ±0.00   
    NS ±0.00   NS ±0.00   
    VJ ±0.00 -0.50 45 VN -5.00   
    DT +0.25 -0.25 90 AT -0.25   
    MM ±0.00   MT +0.25   
    ES +0.25 -0.25 100     
 
Oral explanation of the study was given to all potential participants and the experiment 
was performed after oral consent being given. 
 
 
III.F.3.2 Experimental Setup  
 
III.F.3.2.1 General Setup 
 
The AR was measured using a Shin-Nippon SRW-5000 open-field autorefractor (Shin-
Nippon, Tokyo, Japan). The apparatus technical details are described by Mallen and 
colleagues (Mallen et al., 2001), summarized in Table III.F.2, and the dynamic 
recording working principles described by Wolffsohn and colleagues (2001).  
 
Table III.F.2 Shin-Nippon SRW-5000 open-field autorefractor details. 
Source Infrared (λ= 850 nm) 
Number of Measurements  45 measurements per minute (static mode) 
Refractive Range ± 22.00 DS and ±10 DC 
Precision 0.125 D (magnitude) and 1 degree (axis) 
Reliability † 0.16 ± 0.44 DS 
Repeatability (Intersession Difference) < ± 0.50 D (Sphere and Cylinder) 
Minimum Pupil for Measurement 2.90 mm 
† Calculated as the difference between autorefractor measure minus subjective refraction 
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III.F.3.2.2 Stimulus 
 
The three experiments used three different accommodative targets, a group of four 
horizontal lines (experiment I), an eight-limb Maltese cross (experiment II) and a text 
target (experiment III). The details are given in Figure III.F.2.   
 
 
Figure III.F.2 Stimulus details used for the three experimental sessions. (left) lines – Experiment 
I; (centre) Maltese cross – Experiment II; (right) Text – Experiment III. 
 
 
III.F.3.2.3 Measuring Procedure 
 
At the beginning of the experimental session the observer was aligned, using the 
autorefractor chin/head-rest so that the infrared ring was seen centred on the stimulus 
presented in the Badal system. The contrast of the ring binary image was adjusted to 
enhance the contrast and improve the edge detection. The size of the ring with the 
participant looking at optical infinity was obtained and inserted in the calibration panel. 
The target was moved to a “near” distance (3.00D) and the AR registered during 40 
seconds, only a single time per condition. 
 
During the three experiments different refractive conditions were used. In experiment I, 
the refractive conditions tested were: in-focus, -1.00 /+2.00 x 180 and -1.00 /2.00 x 90. 
For experiment II and III, the conditions were in-focus, -0.50 /+1.00 x 180, -0.50 /+1.00 
x 45, -0.50 /+1.00 x 90, -1.00 /+2.00 x 180, -1.00 /+2.00 x 45, -1.00 /+2.00 x 90, -1.50 
/+3.00 x 180, -1.50 /+3.00 x 45 and -1.50 /+3.00 x 90. The in-focus condition was 
always presented at the beginning of the experimental session. The three dioptric 
powers were randomly presented but the axis orientations were always grouped for the 
same power, though presented in random order. Between conditions the cross-cylinder 
lens was lifted from the support to allow the participant to refocus the target.  
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The participants were instructed “to keep the target as clear as possible” and to blink 
normally. In experiment III participants were asked to fixate the letter “o” positioned at 
the centre of the target.  
 
 
III.E.3.3 Data Analysis 
 
The AR and the sample time (Time) recordings corresponding to each condition were 
stored in an Excel spreadsheet. The two vectors of values (AR and Time) containing 
approximately 880 sampling points (sampling rate 22Hz, recording time 40.00 s) were 
exported to Matlab (Matlab 2007b, The Mathworks Inc), and a custom written routine 
was used for signal processing and analysis. The procedure followed is described 
below. 
 
 
III.E.3.3.1 Accommodative Response Bracketing 
 
The initial 44 measurements (2.00 s) were omitted from the signal to account for 
possible errors in accommodation related with the beginning of the task. The AR used 
for analysis was bracketed between the 45th and 812th sampling points, corresponding 
to 768 sampling points (34.90 s), Figure III.F.3 (a). The 768 points correspondent to 
three sampling intervals of 256 points as chosen for posterior Fourier analysis, allowing 
a frequency resolution of (3/34.9) (~0.086Hz). This frequency was lower than the 
minimal frequency considered as having a lenticular nature (Charman and Heron, 
1988). 
 
 
III.E.3.3.2 Blink and Artefact Removal 
 
In the presence of a blink or other type of artefact that prevented the ocular refraction 
measurement, the AR registered was an extremely peaked value. An initial filter was 
used to identify any AR value with a deviation of ± 3.0 D from the mean AR and the 
flagged value was substituted by the AR mean of the three values preceding it, Figure 
III.F.3 (b). 
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III.E.3.3.3 Non-Physiologic Accommodative Responses 
 
A second filter was applied to the AR signal in order to identify adjacent points with an 
AR variation of higher than 10 D.s-1, considered to be the maximum physiological AR 
variation possible in the human eye (Campbell and Westheimer, 1959). For the present 
sampling rate, this corresponded to an AR difference between two adjacent cells higher 
than ±10/22 [D.s-1.Hz] (±0.45D). When the AR value met this condition it was 
substituted by the average of the previous three values (~0.14 s), Figure III.F.3 (c). 
 
 
III.E.3.3.4 High Spatial Frequencies Filter 
 
The third filter was low pass in nature, a central 3 sample moving average. The low 
pass filter has a cut-off frequency of [(3u(1/22)]-1 (~7.33 Hz) which was still above the 
Nyquist frequency, the maximum spatial frequency of interest (<3.0 Hz) (Charman and 
Heron, 1988), Figure III.F.3 (d). 
 
 
Figure III.F.3 Accommodative response signal analysis. (a) Raw data, (b) Blink Removal, (c) 
Non-physiologic accommodative response and (d) High spatial-frequency filter. 
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III.F.3.3.5 Steady-State Accommodative Response 
 
The mean AR was calculated as the average of the AR values after having been 
filtered and the standard deviation taken as a measure of the variability of the AR. 
 
 
III.E.3.3.6 Microfluctuations 
 
Accommodative microfluctuations were analysed by calculating the power spectral 
density (PSD) of the AR signal. The accommodative response PSD was calculated by 
performing a Fast Fourier Transform (FFT) on the AR signal of 2n sequential sampling 
points. The FFT value was squared for each frequency and divided it by the width of 
the frequency bin, in this way the PSD units were D2.Hz-1 (Welch, 1967) Figure III.F.4. 
This procedure was implemented using the Welch averaged modified periodogram 
method (Welch, 1967), which performed a FFT in the three 256 AR vector length, with 
no overlapping between them. The three AR segments were modulated by a raised 
cosine, Hanning window, to minimise frequency leakage. The final PSD was calculated 
as the average of the PSD values for the three vectors. The PSD values were grouped 
according to their frequency, in low frequency component (LFC) [0.1, 0.6], medium 
frequency component (MFC) [0.6, 1.0] and high frequency component (HFC) [1.0, 2.3], 
by determining the area under the curve (Charman and Heron, 1988). 
 
 
Figure III.F.4 Microfluctuations Power Spectral Analysis (PSD) as function of Frequency.  
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III.F.3.3.7 90% Dioptric Interval 
 
The 90% dioptric interval was calculated as the interval comprising 90% of the AR 
cumulative frequency distribution.   
 
 
III.F.3.3.8 Statistical Analysis 
 
Normality of data was evaluated using the Shapiro-Wick test, when the test detected 
the presence of non-normally distributed data these were transformed using arithmetic 
transformations (either the square-root or a logarithmic transformation). Following data 
transformation two-way ANOVA repeated measurements was applied to identify the 
presence of statistically significant relationships. The statistical analysis was performed 
using SPSS (SPSS 16.0, SPSS Software Package). 
 
 
III.F.4 Results 
 
III.F.4.1 Experiment I - Accommodative Response to Horizontal Lines 
Target 
 
The group of six observers elicited different accommodative responses dependent on 
the refractive condition tested F(2, 10) = 24.57 p=0.000, Figure III.F.5. In the presence 
of an astigmatic condition the common tendency was to displace the horizontal focal 
line to a position closer to the retina, although with some degree of variability between 
subjects. 
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Figure III.F.5 Accommodative response histogram, as a function of proportion of time. 
Frequency bin used 0.10 DS. Black line represents AR for the In-focus condition, Blue line: -
1.00 / +2.00 x 180; Red line: -1.00 / +2.00 x 90. 
 
This is demonstrated by the significance of differences between paired refractive 
conditions which showed a significantly lower AR for the -1.00 / +2.00 x180 condition 
than for the in-focus and -1.00 / +2.00 x 90 conditions. Despite the higher mean AR for 
the -1.00 / +2.00 x 90 condition this just failed to reach statistical significance with the 
in-focus condition after Bonferroni adjustment, Figure III.F.6. 
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Figure III.F.6 Average accommodative response for the three refractive conditions, error bars 
represent 1 SD. Statistical significance after Bonferroni correction pd 0.017 (0.05/3). 
 
Table III.F.3 summarizes the results for the various parameters analysed, aiming to 
evaluate the variability of the AR for the three refractive conditions. None of the 
parameters were statistically different.  
 
Table III.F.3 Summary of the variability parameters analysed, Standard Deviation, 
Microfluctuations, 90% Dioptric Interval. 
 Baseline -1.00/+2.00x180 -1.00/+2.00x90 Significance 
Standard Deviation [D]   
 0.29 ± 0.07 0.33 ± 0.04 0.30 ± 0.04 F(2,10)=0.64 p=0.550 
Microfluctuations [D2/Hz] 
Low 0.41 ± 0.32 0.40 ± 0.18 0.38 ± 0.18 F(2,10)=0.02 p=0.985 
Medium  0.08 ± 0.04 0.14 ± 0.08 0.12 ± 0.07 F(2,10)=1.54 p=0.262 
High 0.10 ± 0.02 0.15 ± 0.08 0.15 ± 0.10 F(2,10)=1.68 p=0.235 
90% Dioptric Interval [D] 
 0.94 ± 0.20 1.10 ± 0.17 1.00 ± 0.15 F(2,10)=1.25 p=0.314 
 
 
III.F.4.2 Experiment II – Accommodative Response to a Maltese Cross 
Target 
 
Figure III.F.7, presents the AR for fourteen individuals, when looking at a Maltese cross 
in-focus (a) and with different levels of cross-cylinder blur (b - d). The mean AR for the 
in-focus condition was 2.29 ± 0.49 DS, resulting in a mean accommodative lag of 0.71 
± 0.49 DS. 
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Figure III.F.8 Mean group AR for a Maltese cross, for the in-focus (baseline) and the three 
cylinder powers and three axis orientation, error bars represent 1 SD.  
 
Post-hoc analysis on the cylinder power variable, identified statistically significant 
differences between the +3.00 DC condition and the in-focus (F(1,13)=5.49 p=0.036), 
+1.00 DC (F(1,13)=5.19 p=0.040) and +2.00 DC (F(1,13)=4.78 p=0.048). Differences in 
power for each axis orientation, using one-way ANOVA, were only found for the 45 
degree orientation (F(1.3, 17.3)=4.98 p=0.030), however when paired comparisons were 
evaluated, all of them failed significance after Bonferroni adjustment. The remaining 
two cylinder axis orientations, just failed to reach statistical significance, 180 degrees 
(F(1.4, 17.7)=4.98 p=0.063) and 90 degrees (F(1.1, 14.8)=3.79 p=0.066).  
 
Analysis of the AR variability using accommodative microfluctuations, the AR standard 
deviation and the dioptric interval where the observer spent 90% of the time are 
presented in Table III.F.4. Increasing the cylinder power produced a statistically 
significant increment in the 90% dioptric interval (F(3, 39)=2.84 p=0.050), with the main 
differences being for the baseline against +1.00 DC  (F(3, 39)=5.44 p=0.037) and 
baseline against +2.00 DC (F(3, 39)=7.34 p=0.018).  
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Figure III.F.10 Mean group AR for a text target, for the in-focus (baseline) and the three cylinder 
powers and three axis orientation, error bars represent 1 SD. 
 
 
Table III.F.5 Two-way ANOVA summary for Axis comparison and Axis ¯ Power interaction.   
Axis 180x45 180x90 45x90 
Statistic F(1,12)=1.86 p=0.185 F(1,12)=20.76 p=0.001* F(1,12)=23.53 p=0.000* 
Axis ¯ Power    
Baseline ¯ +1.00 DC F(1,12)=3.88 p=0.072 F(1,12)=14.87 p=0.002 * F(1,12)=10.46 p=0.007 * 
Baseline ¯ +2.00 DC F(1,12)=3.31 p=0.094 F(1,12)=39.09 p=0.000 * F(1,12)=23.87 p=0.000* 
Baseline ¯ +3.00 DC F(1,12)=0.24 p=0.635 F(1,12)=5.31 p=0.040 * F(1,12)=4.56 p=0.054 
+1.00 DC ¯ +2.00 DC F(1,12)=0.04 p=0.853 F(1,12)=20.14 p=0.001* F(1,12)=11.49 p=0.005 * 
+1.00 DC ¯ +3.00 DC F(1,12)=0.10 p=0.757 F(1,12)=0.10 p=0.760 F(1,12)=0.42 p=0.531 
+2.00 DC ¯ +3.00 DC F(1,12)=0.10 p=0.755 F(1,12)=8.89 p=0.011* F(1,12)=4.69 p=0.051 
 
The post-hoc analysis of the effect of axis orientation, applying one-way ANOVA, 
showed statistically significant differences between axis orientation for +1.00DC (F(2, 
24)=10.31 p=0.001) and +2.00 DC (F(2, 24)=3.31 p=0.000) but no difference was found for 
the +3.00 DC condition (F(2, 24)=0.24 p=0.635), Figure III.F.10. Analysis of the AR 
microfluctuations, standard deviation and the dioptric interval comprising 90% of the 
AR is summarized in Table III.F.6. 
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Table III.F.6 Average group values for accommodative microfluctuations, AR standard deviation 
and AR 90% dioptric interval. Statistical analysis using two-way ANOVA repeated 
measurements.   
 Microfluctuations [D2/Hz] Standard 
Deviation [D] 
90% Dioptric 
Interval [D]  Low Medium High 
Baseline 0.26 ± 0.19 0.10 ± 0.06 0.12 ± 0.09 0.28 ± 0.10 0.90 ± 0.30 
+1.00x180 0.31 ± 0.27 0.08 ± 0.06 0.12 ± 0.10 0.28 ± 0.10 0.89 ± 0.32 
+1.00x45 0.32 ± 0.24 0.10 ± 0.08 0.16 ± 0.17 0.26 ± 0.08 0.87 ± 0.27 
+1.00x90 0.26 ± 0.22 0.07 ± 0.04 0.11 ± 0.06 0.27 ± 0.07 0.88 ± 0.22 
+2.00x180 0.41 ± 0.32 0.10 ± 0.06 0.14 ± 0.10 0.31 ± 0.08 1.02 ± 0.25 
+2.00x45 0.36 ± 0.28 0.10 ± 0.06 0.13 ± 0.06 0.37 ± 0.15 1.19 ± 0.49 
+2.00x90 0.21 ± 0.10 0.07 ± 0.04 0.12 ± 0.05 0.29 ± 0.07 0.94 ± 0.22 
+3.00x180 0.38 ± 0.32 0.14 ± 0.12 0.09 ± 0.09 0.38 ± 0.12 1.23 ± 0.44 
+3.00x45 0.51 ± 0.37 0.10 ± 0.06 0.13 ± 0.06 0.42 ± 0.19 1.39 ± 0.66 
+3.00x90 0.39 ± 0.36 0.12 ± 0.12 0.11 ± 0.09 0.34 ± 0.16 1.10 ± 0.34 
Statistics 
Power F(1.7, 20.9)=2.47 
p=0.114 
F(3, 36)=1.74 
p=0.177 
F(3, 36)=0.18 
p=0.812 
F(3, 36)=9.14 
p=0.000 * 
F(3, 36)=10.22 
p=0.000 * 
Orientation F(2, 24)=1.98 
p=0.160 
F(2, 24)=0.91 
p=0.418 
F(2, 24)=2.73 
p=0.086 
F(2, 24)=1.24 
p=0.308 
F(2, 24)=1.61 
p=0.221 
Power ¯ 
Orientation 
F(6, 72)=1.42 
p=0.220 
F(3.0, 36.4)=0.79 
p=0.510 
F(2.3, 27.6)=0.69 
p=0.531 
F(2.7, 31.8)=1.38 
p=0.233 
F(2.5, 29.6)=1.28 
p=0.297 
 
Low, medium and high order microfluctuations did not change significantly with cylinder 
power or orientation, whereas the AR standard deviation (F(3, 36)=9.14 p=0.000) and 
90% dioptric interval (F(3, 36)=10.22 p=0.000) showed an increase with cylinder power. 
Observers’ AR was more variable for the +3.00 DC cylinder than for any of the other 
refractive powers, and this was expressed as an enlargement of the AR interval 
comprising 90% of the sampling period, Table III.F.7.   
 
Table III.F.7 Post-hoc analysis for the effect of power on the AR standard deviation and 90% 
dioptric interval.  
Power Standard Deviation 90% Dioptric Interval 
Baseline ¯ +1.00 DC F(1, 12)=0.10 p=0.756 F(1, 12)=0.21 p=0.655 
Baseline ¯ +2.00 DC F(1, 12)=4.21 p=0.063 F(1, 12)=6.99 p=0.021  
Baseline ¯ +3.00 DC F(1, 12)=14.94 p=0.002 * F(1, 12)=17.01 p=0.001 * 
+1.00 DC ¯ +2.00 DC F(1, 12)=8.02 p=0.015  F(1, 12)=9.14 p=0.011 * 
+1.00 DC ¯ +3.00 DC F(1, 12)=14.58 p=0.002 * F(1, 12)=13.44 p=0.003 * 
+2.00 DC ¯ +3.00 DC F(1, 12)=5.67 p=0.035  F(1, 12)=5.81 p=0.033  
 
 
III.F. 5 Discussion 
 
The main findings of this chapter are summarized as follows. The accommodative 
response elicited by a group of fully corrected young subjects to a variety of stimuli with 
different spatial distribution detail showed the presence of a small accommodative lag 
of ~0.50 to 0.75DS, attributed to the depth-of-focus of the eye. Presenting the 
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accommodative targets under astigmatic blur led to change in the accommodative 
pattern, with the observers adopting different strategies to obtain target clarity. In 
particular, for experiment I when the focal lines created by the astigmatic defocus had 
the same direction as the target detail, the observer tended to move the focal line that 
was parallel to the target detail towards the retina, either by stimulating or relaxing their 
accommodation depending on the astigmatic blur presented. In experiment two, when 
a Maltese cross was used as target a variety of accommodative responses were 
observed. The majority of observers elicited an accommodative response for the three 
astigmatic conditions that was independent of the orientation of the target limb kept in 
focus, showing that for an isotropic target the accommodative response was 
independent of target detail orientation. Different responses were observed when the 
isotropic target was substituted by a block of letters. This condition, studied in 
experiment III, indicated that the orientation of astigmatic defocus influences the 
accommodative response, with some of the observers having a preference to place the 
vertical focal line closer to the retina. In terms of AR variability the accommodative 
microfluctuations did not show any difference between the refractive conditions tested, 
whereas the 90% dioptric interval, representing the spread of the AR, increased with 
astigmatic power.          
 
 
III.F.5.1 Experiment I - Accommodative Response to Horizontal Lines 
Target  
 
Using a target with unidirectional stimulus detail in the presence of cross-cylinder 
astigmatism with one of the focal lines parallel to the target detail, the AR was such that 
the focal line parallel to the target detail was moved onto or close to the retina. When 
the target was blurred using a -1.00/+2.00x180, the horizontal focal line was positioned 
anteriorly to the retina and the average AR was 0.77 DS lower than for the in-focus 
condition. The contrary happen for the -1.00/+2.00x90 with the horizontal focal line 
being hyperopic, therefore the AR elicited was on average 1.22 DS higher than the in-
focus condition. The present findings concur with the ones reported by Freeman (1975) 
and Byakuno et al. (1994). Both studies demonstrated a decrease in AR for a stimulus 
composed of bars parallel to the strongest refractive meridian and an increase in AR 
for targets made of bars parallel to the weaker refractive meridian. The variation in AR 
dependent on the target contour was even found for low amounts of astigmatism, such 
as 1.00 DC (Byakuno et al., 1994). The conclusions drawn by Freeman (1975) in an 
Chapter III.F Accommodation under Cross-Cylinder Blur  
    
 
312 
 
experiment with similar conditions to the present, suggest that the accommodative 
system is driven to enhance the clarity of the target detail. 
 
Regarding AR variability, none of the three parameters considered (microfluctuations, 
AR standard deviation and 90% dioptric interval) in the two astigmatic conditions 
differed significantly from the in-focus condition, despite an increase of ~0.16 DS and 
0.06DS in the extent of the dioptric interval occupied by the AR in the astigmatic 
conditions. It is known that an increase in low order microfluctuations and AR standard 
deviation is expected with an increase in the AR (Charman and Heron, 1988), however 
the lack of this evidence for this in the present study may have been related to the use 
of cross-cylinder blur instead the physical displacement of the target.  
 
III.F.5.2 Experiment II - Accommodative Response to Maltese Cross Target  
 
Data from experiment II extended the results from experiment I from a unidirectional to 
an isotropic stimulus. Participants had to fixate a Maltese Cross composed of eight 
limbs oriented at 180, 45, 90 and 135 degrees under different levels of cross-cylinder 
blur oriented at 180, 45 and 90 degrees. For all refractive conditions there was a 
stimulus limb parallel to one of the focal lines created by the cross cylinder, however it 
is impossible to place simultaneously all limbs of the target in focus. The results 
showed various types of AR, with some participants accommodating accurately for one 
of the focal lines (myopic or hyperopic focal line), others elicited an AR placing the 
image plane midway between the two focal lines and others accommodated outside 
the dioptric interval delimited by astigmatic power. For the lower astigmatic power 
(+1.00 DC) the majority of participants (13 out of 14), Figure III.F.7 (b), placed the limb 
parallel to the myopic focal line in or near focus, using the lowest possible AR to 
maintain one component of the stimulus in focus. Increasing the astigmatic power (to 
+2.00 or +3.00 DC), Figure III.F.7 (c and d), led to more variety in the AR elicited, with 
some observers placing the hyperopic focal line or the circle of least confusion in focus. 
For +3.00 DC (4 out of 14) moved the hyperopic focal line to the retina. This tendency 
to focus the limb parallel to the anterior focal line, has been previously described by 
Freeman (1975) who stated that the accommodative system will elicit the lowest 
accommodative effort to bring in focus one limb of an isotropic target. These results 
agree with the data presented by Rosenfield and Ciuffreda (1991), regarding the 
variability of the AR, suggesting that AR prediction to a conflicting stimulus is not 
possible. Previously, Owens (1979) argued that the AR to a conflicting stimulus was 
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related with the tonic level of accommodation. This hypothesis was later on supported 
by Adams and Johnson (1991) with some (3 out of 9) of their observers showing a 
strong relation between AR and TA, but an additional 2 observers demonstrating a 
weak relationship with TA. The AR to a conflicting stimulus can therefore be the 
conjugation of different accommodative components as proximal convergent and tonic 
(Rosenfield and Ciuffreda, 1991). Although in the present study the TA was not 
measured, hence no relationship can be drawn between TA and AR, the average TA 
for a young population is ~1.50 DS (Rosenfield et al., 1993) which is a value close to 
the vergence of the myopic focal line. In this way, the AR of the majority of subjects 
could be related to the TA level, but the variation in AR for different astigmatic axis, as 
happens for participants (+3.00 DC, participants TF, SC and MM) suggests that TA 
level may not be the solely contributor to drive the AR to a conflicting stimulus. 
 
The results from our second experiment also indicate that changing the astigmatic axis 
orientation did not significantly change the magnitude of AR, with only three subjects 
(TF, SC and MM) showing differences in AR for the three astigmatic axes. Observer TF 
with +3.00 DC placed the vertical focal line on the retina with the condition                   
-1.50/+3.00x180 and the circle of least confusion when the condition was                   
-1.50/+3.00x90, the opposite was done by observer SC. Observer MM always placed 
the vertical detail in focus. The remaining eleven presented similar AR independent of 
the astigmatic orientation. Rosenfield and Ciuffreda (1989) reported for a high contrast 
stimulus varying the target orientation did not produce a significant change in the 
steady-state AR. Freeman (1975) had already shown in one subject with optical 
induced astigmatism that the AR to an isotropic target detail is similar when the 
astigmatic axis is rotated by 90 degrees.  
 
Stark et al. (2003) quantified the effect of cyclic accommodative oscillations when a 
group of 7 participants fixated a conflicting stimulus. Their results showed that the AR 
in 2 out the 7 subjects analysed had a cyclic pattern allocating alternatively the different 
target components in focus, however the oscillations only covered a small part of the 
dioptric interval generated by the astigmatism. The authors also noted that the cyclic 
oscillations were of particular interest for astigmatism higher than 1.50 DC, since for 
lower astigmatic intervals (< 1.50 DC) the eye depth-of-focus could maintain the object 
under a certain level of defocus. Evidence of cyclic accommodative oscillations was 
rarely found by Adams and Johnson (1991) in their group of 9 subjects and when this 
happened, it was mainly in the presence of lower separation between focal lines. In the 
present study a very small percentage of our observers had AR changes that moved 
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focus through the full extent of the astigmatic interval, however when this happen it was 
mainly for the low astigmatic condition (+1.00 and +2.00 DC). Furthermore this 
behaviour did not seem to be an involuntary response of the accommodative system in 
order to obtain alternate focus of different target components, but rather a voluntary 
effort from the participant that consciously changed the orientation of the target detail in 
focus. 
   
Figure III.F.11 Accommodative responses for three subjects (SC, MM and DT) along the 35 
seconds interval, showing accommodative “oscillations” between the two extreme focal lines. 
 
Figure III.F.11 shows the conscious variations in AR, signalled by the coloured arrows, 
with the participant spending part of the time focusing midway between the focal lines 
(green arrow), on the hyperopic focal line (black arrow) and on the myopic focal line 
(red arrow). While Stark et al. (2003) used a measuring period of 10 seconds, here the 
sampling was done over 30 seconds, which compared better with a sustained visual 
task. From our sample of 14 young participants accommodating to an isotropic 
conflicting stimulus, when instructed to keep the target in focus the presence of an 
accommodative cyclic pattern between the dioptric interval extremes was not a 
common accommodative strategy.  Regarding the variability of AR, our findings were 
contrary to those of Stark and colleagues (2003) as neither the SD nor the 
microfluctuations showed an increase with astigmatic power. We found an increase in 
the 90% dioptric interval between the in-focus condition and the astigmatic powers 
(+1.00 and +2.00 DC) showing that the participants were more prone to modify their 
AR during the sampling period. 
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III.F.5.3 Experiment III - Accommodative Response to Text Target  
 
Similarly to the AR elicited for a Maltese cross, when presented with a text target the 
observers showed various accommodative strategies, with some observers 
accommodating to one of the focal lines and others in between the two focal lines 
generated by the cross-cylinder. Contrary to the Maltese Cross presentation, where 
variation in astigmatic axis did not produce any variation in the accommodative 
strategy, for the text target the variation in the astigmatic axis changed the AR pattern. 
The average AR for +1.00 and +2.00 with axis at 180 was statistically higher than that 
for the 90 degrees condition. The AR elicited with the axis orientated at 45 degrees 
was statistically higher than that found with the axis oriented at 90 degrees, but lower 
than when the 180 degrees axis was present. The differences in the average AR were 
attributed individual differences in AR for the three axis orientations. For +1.00 DC, 5 
out of 13, participants showed a higher AR when the axis was positioned at 180 and a 
lower AR for the 90 degrees axis. The number of subjects presenting AR variations 
with axis increased to 8 out of 13 for the +2.00 DC. This indicates that when looking at 
a text pattern through a cross-cylinder lens the observers accommodated to place the 
vertical focal line on or near the retina. This bias towards the vertical focal line, may be 
supported by the dominance of vertical strokes in the lower case Roman alphabet 
(Rabbetts, 2007), therefore placing the focal line parallel to the dominant detail may 
increase the target clarity. Increasing the astigmatic interval to +3.00 DC made the AR 
less dependent on the axis orientation, most probably due the high level of defocus at 
any orientation, making irrelevant any gain in target clarity as a product of astigmatic 
axis orientation. As for the Maltese Cross the presence of cyclic accommodative 
oscillations was a rare effect and when the participants changed the AR between the 
two focal lines this happened for the lower astigmatic errors. Our findings cannot 
corroborate others who found that in the presence of astigmatism, when the 
accommodative system was active (absence of cycloplegia), some individuals showed  
higher visual acuity than when measured with inactive accommodation ((Strang et al., 
2000) in (Stark et al., 2003)). Other evidence of improved accommodative response 
with cyclic accommodative patterns was obtained with simulation of cyclic and static 
accommodative responses using video animations of letter targets with simulated 
astigmatism ((Potter et al., 2002) in (Stark et al., 2003)). The AR variability increased 
with astigmatic power for the SD and extent of the 90% dioptric interval, mainly 
between the in-focus condition or low astigmatic power (+1.00 DC) and the +3.00 DC 
condition. The increase in the 90% dioptric interval was associated with the AR change 
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from a focus on one focal line to the circle of least confusion adopted by some 
participants.  
 
Recent reports (Wolffsohn et al., 2011, Wills et al., 2012) have suggested that 
differences in reading performance exist when the object is blurred with cross-cylinder 
lenses at different orientations. Particularly Wills et al. (2012), in a group of young 
subjects reported a higher reading rate when the cross-cylinder astigmatism was in the 
WTR form [(-cyl/2)/+cylx180)] than in the ATR form [(-cyl/2)/+cylx90)], although the 
authors did not support their findings with a theoretical explanation. The differences in 
reading rate for astigmatic conditions with different orientations could be associated 
with increased variability in AR for a specific orientation, with one orientation slowing 
down the reading more than the other. However in the present study no statistical 
difference was found in AR variability for the different axis orientations, despite the 
higher standard deviation and broader dioptric interval for the 45 degrees orientation. 
Our results showed that for a letter target some participants tend to place the vertical 
focal line on the retina. To do so, for a WTR astigmatism they elicited a higher AR and 
a lower AR in the ATR condition. It is also known that low order microfluctuations 
increase with AR (Charman and Heron, 1988), therefore it would be expected higher 
fluctuations for the WTR condition when looking at a letter target. As stated before the 
reading performance results (Wills et al., 2012), suggest a preference for the horizontal 
focal line closer to the retina, which contrasts with our results and with the dominant 
direction detail in lower case Roman letters. In this way using the present experimental 
approach the results indicate that the AR for a letter target was biased towards 
displacing the vertical focal line closer to the retina. This fact partially responds to the 
hypothesis advanced in Chapter III.A. to justify the decrease in reading performance in 
cyclopleged subjects, when these participants read with 2.00 DC of WTR or oblique 
astigmatism compared with the monotonic improvement verified in the ATR condition. 
 
 
III.F.5.4 Summary 
 
In summary, according to previous evidence in the literature, AR was poorly predictable 
and independent of the astigmatic axis when the object viewed was an isotropic 
stimulus. Regarding the AR for a complex stimulus (letters) there seems to be a 
tendency of the observers to displace the vertical focal line closer to the retina, at least 
for the lower refractive errors. This finding supports the hypothesis advanced that if 
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letters’ vertical details were an important factor to improve the legibility of the stimulus 
then AR would reflect this behaviour.  
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CHAPTER IV 
 
 
IV.A. Conclusion, Limitations and Future Work 
 
IV.A.1 Conclusion 
 
The aim of this work was to evaluate the ocular characteristics of pseudophakic eyes 
and determine those playing a role in achieving functional levels of distance and near 
vision without refractive correction, i.e. the factors taking part in 
pseudoaccommodation. Throughout the work a special emphasis was given to the 
effect of meridional blur (myopic astigmatism) on visual performance tasks, since it has 
been one of the most regularly advanced factors linked to increased levels of 
pseudoaccommodation in previous literature and it is a controllable factor at the time of 
surgery. In modern cataract surgery, it could be argued that post-operative astigmatism 
is a residual iatrogenic element since the refractive target is normally emmetropia, thus 
its contribution to pseudoaccommodation would be expected to be minimal. Also when 
modern cataract surgery is performed in developed world regions refractive error 
correction, mainly required for near vision, is easily achieved using spectacles lenses. 
For developing regions however, this is not the case and significant differences exist 
regarding the treatment conditions (pre-operative VA, use of pre-operative biometry 
and type of surgery), post-operative refraction and socio-cultural as well as economical 
factors that hamper the use of post-operative ophthalmic correction. More recently, 
increased attention has been given to the effects of presbyopia (near vision) on the 
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activities of dwellers in developing regions. The studies suggest a negative impact of 
presbyopic-related visual impairment on the socio-economical status of the affected 
individuals. Therefore, assessing the contribution of astigmatism and other ocular 
characteristics on distance and near vision in a pseudophakic population (which are in 
fact functional presbyopes) will add further evidence regarding the importance of each 
of these factors and clarify the potential benefit of astigmatic post-operative refractive 
errors on pseudoaccommodation. 
 
Parallel to the improvement of cataract management in developed regions, cataract 
treatment has also evolved in developing countries particularly with regard to the type 
of surgery and pre-operative techniques. Currently, in developing regions, the most 
used surgical technique are ECCE or MSICS, both involving the insertion of a PCIOL 
which represents a major step in avoiding aphakia as well as reducing the impact of 
post-operative refractive error (Ruit et al., 2000a). The published literature (Table I.A.4) 
indicates that ~55% of the operated eyes present normal levels of UCDVA (better than 
6/18) when pre-operative biometric techniques were used and this figure increases to 
~92% for BCDVA. Adding to the progress associated with pre-operative biometry is 
that associated with the insertion of IOLs with personalised powers which help to 
decrease the incidence of high and moderate (> 1.00 D) post-operative spherical 
refractive errors (Table I.A.6).  Regarding surgically induced astigmatism, MSICS 
allows for a good control of corneal curvature with SIA averaging around 1.00 DC 
(Venkatesh et al., 2010, Ruit et al., 2000a). Contrary to the ocular characteristics 
previously related to pseudoaccommodation (pupil size, corneal multifocality, ACD, 
higher order aberrations) which are non- or minimally modifiable during surgery, 
astigmatism can be controlled. The usefulness of astigmatic error (especially in simple 
myopic form), is however dependent on a strict control of post-operative spherical 
error. Therefore its applicability requires that cataract surgery settings fulfil some 
requisites such as pre-operative biometry, the use of IOLs close to the biometric 
predictions and a surgical technique allowing accurate control of corneal astigmatism. 
Although this may be a general trend, possibly it is not present in every cataract 
surgery setting.             
 
In the present study the effect of simple myopic astigmatism was simulated on a group 
of cyclopleged subjects, a mixed group of late presbyopes (Chapter III.A) and on a 
population of 59 pseudophakic subjects (Chapter III.B). The functionality of the simple 
myopic astigmatism on pseudoaccommodation relies on the Sturm interval theory. The 
preliminary results (Chapter III.A) regarding the effect of astigmatism on CS confirmed 
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that the detection of unidirectional detail (faint stripes) was independent of the blur 
magnitude if the blur direction was parallel to the object detail (Bailey and Lovie, 1976). 
But, if object detail and blur orientation were perpendicular the variation in CS 
resembled the effect of spherical blur. Thinking of a naturalist scenario as an aggregate 
of multiple sinusoidal patterns, with different spatial frequencies and orientations, the 
blur pattern on the retina would retain only a partial amount of the original information. 
In case the preserved information corresponded to the dominant detail the observer 
may obtain the sufficient information to perform the task. On the other hand if the detail 
preserved was not the dominant or the one of greatest interest the observer would 
manifest a poor visual performance. Evidence of this can be seen in the poor VA 
results achieved by the observers when oblique astigmatism was simulated, in the 
present and other studies (Wildsoet et al., 1998, Ohlendorf et al., 2011b, Wolffsohn et 
al., 2011, Kobashi et al., 2012), or when the subjects are asked to subjectively classify 
the acceptability of the astigmatic blur (Miller et al., 1997). When the visual 
performance task involved the discrimination of more complex shapes such as isolated 
letters (VA) or words (reading), increasing the astigmatic power led to a monotonic 
decrease in distance VA and to an increase in near VA and reading performance 
(Wolffsohn et al., 2011, Kobashi et al., 2012). This fact clearly supported the effect of 
simple myopic astigmatism on extending the depth-of-field (pseudoaccommodation) in 
eyes unable to accommodate (Huber, 1981, Bradbury et al., 1992, Yamamoto and 
Adachi-Usami, 1992) and rejects the hypothesis that simple myopic astigmatism does 
not provide higher near target clarity compared with no near correction (Hayashi et al., 
2001). The vision performance measurements in pseudophakic eyes corroborated the 
initial findings from the pilot study. The main conclusion to be drawn is that myopic 
astigmatism (whether WTR or ATR) contributed to an increase in near vision 
performance at expenses of some lost of clarity at distance (~0.30 logMAR measured 
as HCVA for 2.00 DC). The lack of solid evidence in the literature regarding the most 
beneficial astigmatic axis to optimise depth-of-field interval, is legitimate since the 
differences in visual performance related to blur orientation differences are small 
(especially between vertical and horizontal blur) and this may be masked by 
measurement variability. Also it is an effect with a magnitude dependent on the type of 
task and stimulus used for evaluation. In this study distance and near VA outcomes 
were not significantly different for the WTR and ATR condition, distance VA was 
degraded ~0.15 logMAR/DC and near VA improved by ~0.10 logMAR/DC, however 
ATR showed some advantage over the WTR condition for near vision. This finding was 
exaggerated when reading performance was used to evaluate visual performance, this 
presupposed changing the discriminating object as well as adding an additional 
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constrain such as time. The subjects’ ability for word discrimination (RA) and to 
maintain their maximum reading speed (TPS) showed statistically and clinically (~ 0.10 
logMAR) significant differences. These findings support the notion that ATR 
astigmatism enables a faster acquisition and higher quantity of information processing 
over WTR astigmatism. Also evidence for this is the dominance of vertical detail within 
the Roman alphabet and the effects that different alphabets have on reading speed 
with different types of blur. Results in chapter III.F present evidence of a preference for 
vertical detail in the accommodative behaviour of subjects with normal accommodative 
function, when Roman text was presented under certain amount of astigmatic blur. This 
preference for a particular astigmatic orientation may not stand for other types of 
alphabet (Kobashi et al., 2012). Therefore this work, further, compared the ability of 
observers to discriminate Roman, Arabic, Chinese and Tamil letters when various 
types of astigmatic blur were present. The effect of astigmatism was also analysed 
regarding letter arrangement. The results confirmed that the success of post-operative 
astigmatic refractive error is dependent on the nature of the detail to be discriminated 
as well as on its arrangement (writing orientation), i.e. it is dependent on the visual 
environment and cultural background of the population (Zhang et al., 2007b). Despite 
the findings reported here adding more evidence regarding the benefit of ATR 
astigmatism on pseudoaccommodation over WTR astigmatism, the number of subjects 
satisfying a distance and near VA criterion of 0.3 logMAR is limited to approximately 
25% of the group. This indicates that a large number of patients with post-operative 
astigmatism will have their visual function decreased either for distance or near viewing 
or in the worst case in both viewing distances. Comparing the benefit of astigmatic over 
spherical refractive error on distance and near vision, the results suggest a greater 
benefit of the latter, resultant from higher variation in visual performance per dioptre of 
refractive error. In practice it may be more advantageous to provide a small myopic 
(~1.00 D) post-operative correction, by inserting a slightly more powerful IOL.This is 
especially true when resources and clinical need give the opportunity for bilateral 
cataract surgery where the eye closer to emmetropia could be dedicated to distance 
and the myopic fellow eye to near vision.       
 
In addition to refractive astigmatism other anatomical characteristics of pseudophakic 
eyes had been correlated with the ability to attain good levels of distance and near 
vision (pseudoaccommodation). Here multiple regression analysis was applied to 
investigate the relationship between visual performance and anatomical data. Pupil 
size was a consistent and important predictor of variability in visual performance, either 
in defocused conditions (spherical or astigmatic) or in the absence of blur. These 
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results are supported by the theoretical prediction of the blur area on the retina, which 
is directly related to pupil size (Atchison and Smith, 2000) and on clinical evidence 
(Nakazawa and Ohtsuki, 1983, Yamamoto and Adachi-Usami, 1992, Elder et al., 1996, 
Kamiya et al., 2012a). Other factors found to account for the visual performance 
variability were the radial variation in corneal curvature (corneal multifocality) and the 
ACD. The ACD was only a predictor of visual performance in the presence of 
astigmatic and spherical defocus. Previously, (Nakazawa and Ohtsuki, 1984) eyes with 
shallower anterior chamber had been associated with higher levels of 
pseudoaccommodation. Corneas with stronger radial curvature variation, i.e. with a 
wider focusing region around the retina, tend to exhibit higher near vision performance 
either for defocus or in-focus conditions, similarly to what had been advanced by others 
(Fukuyama et al., 1999, Oshika et al., 2002, Kamiya et al., 2012a). Despite the 
relationships between the three anatomical predictors (pupil, ACD and corneal 
multifocality) and visual performance, they are on average only able to account for 
~10% and ~30% of distance and near visual performance variability. As far as other 
anatomical parameters are concerned namely, corneal aberrations, age, axial length, 
IOL power, there was minimal or no evidence of their relation with visual performance. 
Applying optical modelling using wavefront data and physiological pupil size to 
determine the cut-off frequency as a predictor of VA, showed similar levels of 
correlation as the ones provided by regression analysis using anatomical values. 
These results add importance to the role of pupil, ACD and corneal multifocality on 
pseudoaccommodation. They are of practical interest if pseudoaccommodation needs 
to be evaluated or predicted in settings with low resources, since their measurement 
may rely on inexpensive instrumentation.   
 
 
IV.A.2 Limitations and Future Work 
 
IV.A.2.1 Limitations  
 
Overall, the main aim of this work was achieved, still the work presents limitations 
some of them arising during the work execution and others that were not included in 
the initial working program. The limitations and suggestions for future work are 
described below, 
 
Chapter IV.A Conclusion  
    
 
323 
 
x This work and others dedicated to pseudoaccommodation evaluated the 
pseudoaccommodative effect under monocular conditions. Although many 
patients undergo monocular cataract surgery, a study evaluating the effect of 
refractive error on visual function under binocular conditions would eventually 
explore the total strength of the factors involved in pseudoaccommodation. 
x An interesting aspect to explore would have been the impact of refractive error 
on quality of life after cataract surgery, the initial work plan included this. 
Considering that this type of evaluation requires a time interval so that the 
person could explore the effect of refractive error on daily tasks and the impact 
on its general activity, this could only be achieved by providing a pair of 
spectacles that simulated the desirable refraction, similar to what was done by 
Miller et al. (1997) and Savage et al. (2003) or selecting patients with 
appropriate refractive error. The second option was not applicable since in the 
clinical setting where the study was conducted the post-operative refractive 
error was low. The first alternative would require a treatment regimen, even if 
temporary, that would be known to be less than perfect in the context of a 
developed world setting, so would be ethically unsound until sound evidence of 
the potential for benefit to a population of interest was established. 
x One of the strengths of this work was to include a real task (reading) to assess 
near vision performance. A similar approach for distance (e.g. face recognition) 
might have given further insights on the effect of refractive error on distance 
visual performance.  
x Applying the concept of myopic astigmatism as a contributor to 
pseudoaccommodation in developing regions, the next step in research could 
be to include a developing region cataract surgery centre to assess the level 
(magnitude) of post-operative refractive error, assess the visual performance 
and the influence of refractive error on the quality of life of the population.    
 
IV.A.2.2 Present and Future Work 
 
Additional work continued to be done (with a Masters student) on the effect of 
meridional blur on reading performance, with some experiments already concluded in 
agreement with this thesis findings. Briefly,  
 
One: The influence of astigmatic blur orientation on a reading task and VA at a far 
viewing distance was investigated. The study enrolled 32 young participants that read 
Chapter IV.A Conclusion  
    
 
324 
 
MNREAD types of chart projected at a 5.0m distance. The effect of spherical and 
astigmatic blur was evaluated using positive lenses up to three dioptres in 1.00D 
interval and astigmatic axes were oriented at 180, 45 and 90 degrees. The reading 
performance was evaluated using AUC and RA metrics.  The results showed that ATR 
astigmatism produced the strongest degradation on reading performance, 1.7x and 
2.2x higher than oblique and WTR astigmatism, respectively.  
 
Two: The influence of chart contrast polarity (black letters on white background or white 
letters on black background) on VA and reading was investigated using spherical and 
astigmatic defocus. The experiment enrolled 16 young participants that viewed VA and 
reading charts projected at a 5.0m distance. Four refractive conditions were used, 
distance correction (r0.00 DS), spherical blur (+1.50 DS), WTR astigmatism 
(+3.00x180) and ATR astigmatism. The results showed that reading performance was 
independent of chart contrast polarity for the four refractive conditions and the same 
result was found for VA measures, except for r0.00 DS, where VA was higher when 
measured using black letters on white background.       
 
A third experiment is ongoing aiming to investigate the effect of axis tuning on reading 
and a fourth experiment is also planned to study the effect of axis orientation on more 
real tasks, such as face recognition.    
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Appendix I 
Reading Charts (random versions) used during the study. Two versions are presented 
for English (EN), Portuguese (PT) and Spanish (SPH).  
 
Table Ap.I.1 Random Reading Chart I (EN) 
 
LogMAR 1.2  
beside we ask only prove 
quiet as even but appear 
form son or higher table 
new attend quick mean me 
 
LogMAR 1.1  
water and always it care 
big remain rule serve so 
as help for heart please 
up strike ago stop which 
 
LogMAR 1.0  
in matter love great lie 
son become face is prove 
war chance by book where 
rule pay please field or 
 
LogMAR 0.9  
about beside now read oh 
air just order an people 
so suffer chief ten bear 
all if prove father once 
 
LogMAR 0.8  
wonder an look quick her 
need for other me remain 
field amount my say time 
notice as after his were 
LogMAR 0.7  
bring at case ago please 
we strike pen stand town 
quiet open or use moment 
duty any appear fresh up 
 
LogMAR 0.6  
also is reach sister for 
her as desire today just 
drop and month oh famous 
pull stream age my being 
 
LogMAR 0.5  
lady catch in sit simple 
ago demand trust duty by 
but know wrong is choose 
state family eye so rule 
LogMAR 0.4  
sister bring ask duty an 
party circle we get best 
up that demand about not 
feel inside stand was oh 
 
LogMAR 0.3  
and laugh little once of 
by young open matter you 
sun he fact white famous 
child air accept hour my 
 
LogMAR 0.2  
his need it almost great 
to fast letter say white 
so big value word prince 
forget walk death as all 
 
LogMAR 0.1  
about so demand air door 
white famous six hand my 
or reach bear day behind 
street table name ear by 
LogMAR 0.0  
reach get word up pretty 
if circle big fresh bill 
his public pair is field 
train an that famous who 
 
LogMAR -0.1  
hair heart end or behind 
was your divide of crowd 
son there wait stream it 
enter me six tongue drop 
 
LogMAR -0.2  
chief us shut higher pen 
up turn wonder now train 
then quick desire he buy 
of king people law trust 
LogMAR -0.3  
chief circle care is sea 
only at quiet demand ear 
under powder me war also 
almost glass or word sit 
 
  
 
 
 
Table Ap.I.2 Random Reading Chart II (EN) 
 
LogMAR 1.2 
at three walk bottom sit 
as belong born sun fresh 
of suffer week any state 
up feel doubt powder her 
 
LogMAR 1.1  
where know but us street 
so rule whole across and 
his judge beside me pure 
which strike buy oh hour 
LogMAR 1.0  
air if object quiet miss 
settle my sun throw case 
nation touch were not so 
bottom order poor now in 
 
LogMAR 0.9  
none office which air we 
act so catch find family 
appear by his pound wish 
dear my there low famous 
 
LogMAR 0.8  
throw just we hat object 
his in city powder young 
of find sun choose glass 
desire hour doubt me buy 
 
LogMAR 0.7  
my quick almost life air 
pen father week which us 
up object teach arm good 
if people else bed table 
LogMAR 0.6  
strong his or fresh name 
my bottom laugh sun walk 
me attend real wrong new 
answer glass fast if own 
 
LogMAR 0.5  
duty young he sample sea 
since we arm strike soon 
class by back center law 
could office as why deep 
 
LogMAR 0.4  
sudden drop field my not 
law he watch gold common 
prince catch up bed best 
is him wish nature value 
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LogMAR 0.3  
window he why class each 
if circle value sit lady 
chief sure now almost oh 
my big three week inside 
 
LogMAR 0.2  
figure us for give table 
court book is get letter 
an sight word doctor art 
water land direct war in 
LogMAR 0.1  
shape book new in letter 
at world land law friend 
quick me lady powder now 
street your bad or about 
 
LogMAR 0.0  
across or table turn get 
brave low wish us desire 
if far think strong hand 
tear quick notice it use 
 
LogMAR -0.1  
tongue fix by serve fast 
us seat art field circle 
teach case little all my 
three father low an fall 
LogMAR -0.2 
higher train why were it 
war of please other bill 
lead as order not public 
crowd talk is moment all 
 
LogMAR -0.3  
open me forget month who 
he chief common best not 
man case sample if serve 
an throw save but remain 
 
  
 
 
Table Ap.I.3 Random Reading Chart I (PT) 
 
LogMAR 1.2  
imóvel lama lá picar faz 
avó irmão boca és navio 
doido são pelo pé cantar 
canudo bem vaca vi gente 
 
LogMAR 1.1  
javali café na pedra mão 
doido imunda pano vou ir 
embala com ar fazia neto 
jogar mágico dona má vem 
LogMAR 1.0  
cai túneis chega na erva 
te uma porta climas sopa 
ruas raízes ondas ao sal 
homens móvel bolo vi era  
LogMAR 0.9  
ficar no bolo cinema mão 
ameixa sumo doido sua ia 
ruas sal climas ao cinto 
elogio doces ouro tu ver 
LogMAR 0.8  
doces que pé dono exibir 
suja corada arado só amo 
sinal gema lã rir glória 
ramo mim há louco imóvel 
 
LogMAR 0.7  
há rio vida linda baleia 
corada leite povo mão nú 
jardim mim beijo és dono 
dava no linho beleza por 
LogMAR 0.6  
ao árvore paz bois praia 
lição nova já portão sol 
canudo neve ter sinal nú 
autor ar frutas cedo ela 
 
LogMAR 0.5 
do irmão beijo boa fora 
picar na grupos neve ter 
pé banana dona banco noz 
no ruge rei tecido força 
LogMAR 0.4  
há jardim café usa becos 
azeite lago ri fazia céu 
não toldo ir neto alface 
já fundo sal irmão cedo 
LogMAR 0.3  
casa cerca pé vir bonita 
grupos batia nome cá vou 
sopa festas porta vão só 
mata nú vacas muitas rir 
LogMAR 0.2  
morar voltas céu pé cano 
pelo de menino vez casar 
corada mão do chão peixe 
ir ler gato muitas fazia 
 
LogMAR 0.1  
sola beiras gente pé rei 
fala há ameixa leite vir 
boca te chuva alface ali 
prato árvore pena bom na 
LogMAR 0.0  
corpo azeite bebe má vão 
muitas lar há tempo dela 
vir flor fundo no quinta 
canção do dava amo vacas 
LogMAR -0.1  
cai túneis chega na erva 
te uma porta climas sopa 
ruas raízes ondas ao sal 
homens móvel bolo vi era 
LogMAR -0.2 
sim móvel sumo batata ir 
te ruge aldeia ser becos 
prato figura pão ia três 
baleia se beijo rio mata 
 
LogMAR -0.3  
vidro irmão sal pé logo 
sua figura boca casar eu 
roupa toca chapéu há vem 
ir cantar usa lição bolo 
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Table Ap.I.4 Random Reading Chart II (PT) 
  
LogMAR 1.2  
são quente café ri leque 
do riam força mágico lar 
fala andar canudo rua és 
chapéu avião para tu bom  
 
LogMAR 1.1  
portão cor sinal vi nome 
era banco se embala bébé 
poesia ovo tu autor para 
batia ao dela rio bonita 
LogMAR 1.0  
flores roda sem nú perto 
há sapato chá dita linho 
texto mal raça beiras lã 
dava tu homens mau canoa 
LogMAR 0.9  
nú arado rio javali seca 
cá tempo dono rua grupos 
te climas pelo amo toldo 
de árvore peixe mão verde 
LogMAR 0.8  
coelho sopa lã horas até 
tecido pé sua andar dona 
cola cartão anjos má vir 
rei já gato becos ameixa  
 
LogMAR 0.7  
amigo dar riam azeite da 
neve vou perigo lã mamar 
era alegre chuva bola pé 
galo soltar boa noite no 
LogMAR 0.6  
mau eu sola porta chapéu 
penas cai bonita nú bébé 
leque vir dava imunda na 
há ruas raízes diz arado 
LogMAR 0.5 
ela casar ia poesia pelo 
até alegre má botão sola 
climas pinta ri boa flor 
pé ricos seca cor corada 
 
LogMAR 0.4  
seca já sua anjos climas 
noz morar do cada queijo 
autor cola chapéu ir tom 
cá cinema vive bom banco 
LogMAR 0.3  
doces fala já javali tem 
tu jogar usa elogio sumo 
alegre vi bois por anjos 
raízes até texto dona pé 
LogMAR 0.2  
dela lá sapato que santo 
se sinal perigo toca rei 
bonita ruge só linda pão 
nú mata balões móvel ter 
LogMAR 0.1  
banana nome ri luz doido 
seca irmão lua praia de 
olhos céu logo árvore do 
longe embala má sola ela 
 
LogMAR 0.0  
agora sal te quente azul 
gema vem da picar embala 
ouro ri pão sapato mares 
autor grupos vão pena vi 
LogMAR -0.1  
avião cá tomate luar são 
prato quadra diz três há 
água que da botão quinta 
portão tem penas figo ri 
 
LogMAR -0.2 
janela tolo linda era ia 
lá mata não grupo mulher 
há fui verde lama homems 
já galo canção doido rio 
LogMAR -0.3  
ler fundo bombas cá erva 
doido menino flor nú tom 
perigo sim ouro circo eu 
usa lama ir fazia batata 
  
 
 
 
Table Ap.I.5 Random Reading Chart I (SPH) 
 
LogMAR 1.0 
Ir mismo seda fue lícito 
Más luna pierde mucho en 
Aún gafa huerta ya entre 
Se puerta mejor frio hoy 
LogMAR 0.9 
Jefe pájaro entre en hay 
Van olor ligero desde de 
igual es oro otra bonito 
diente seda campo del ir 
 
LogMAR 0.8 
Donde de fin gran oficio 
Lengua coche tan nube el 
Yo muy bebida harto ocho 
Roto bis es dentro antes 
LogMAR 0.7 
La hay simple mayor jugo 
Muy pasado cerdo feas un 
Sal sí pronto fugaz casi 
Modo va menos anoche pan 
 
LogMAR 0.6 
Último azul fin total en 
Tal vaca mí entre cuando 
Ocho claro se fuerte por 
Junto de contra seis ojo 
LogMAR 0.5 
Un pierde más azul menos 
Fin ha claro famoso dama 
Va lento mal lado manera 
Enorme puede suma la por 
LogMAR 0.4 
Va luz capaz copa cierto 
Modo fue mujer pareja su 
Cocina se única tal otra 
Nación de común alto feo 
 
LogMAR 0.3 
Cena contra ha hoy metro  
seda según aparte de mar 
Sopa yo simple vieja fin 
Lejos no feas tejido las 
LogMAR 0.2 
Feas pobre va del recién 
Mucho acerca cuan un son 
sufrir pro ir norte algo 
luna eso jamás detrás la 
LogMAR 0.1 
Nuevo es muy pato jardín 
sí menos pelo así cierto 
jamás último cine de mar 
debajo un ahí plan sobre 
 
LogMAR 0.0 
Suma metro tal de oficio 
Es hoy quien tomate cena 
jardín son frío bueno no 
norte alto horror ojo va 
LogMAR -0.1 
Maleta fin nunca suyo se 
Sí pro pareja cine ahora 
Pero pez sobre la nación 
Es rápido los lejos gran 
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LogMAR -0.2 
Variar casa sin yo viene 
Dos de aprisa otra luego 
Son duro ya oficio doble 
Un mismo seis debajo pro 
 
LogMAR -0.3 
Vez coche poco ha mañana 
cual enorme por menos lo 
Suma su común nombre tan 
fin bebida santo vaca el 
 
 
 
Table Ap.I.6 Random Reading Chart II (SPH) 
 
LogMAR 1.0 
pronto bien ya misma ojo 
Diez fuerte hay la común 
Nación malo yo luego más 
Todo exacto quizá que mí 
 
LogMAR 0.9 
Fue ha varias vamos bien 
cuerpo se vino forma una 
Otra horror que común su 
cuarto el sopa pan leche 
LogMAR 0.8 
Boca oro pareja ha menos   
hombre acaso cine pan va 
Caro harto no médico día 
Último es río vaca piano 
LogMAR 0.7 
Su vidrio que amigo niño 
Lo olor cerdo lícito ojo 
Dama suele fuerte mí muy  
Todo sobre barato ha ajo 
 
LogMAR 0.6 
Nada se igual barato son 
Ha ver último seco simple 
Sí aprisa roja feo quien 
La pues blanco pobre con 
LogMAR 0.5 
Nuevo gran ahí no anillo 
Más pero puerta ha sólo 
Pro justo variar malo su 
Cuarto sí tanto feo ocho 
LogMAR 0.4 
Sur sopa es reina cierto 
Suyo oscuro hasta con la 
Cerdo alto enorme bis de 
Bien fugaz además más su 
 
LogMAR 0.3 
Duro él entre pro puente 
ahí mucho yo escaso cine 
copa luz además ya recio 
peinar los acaso se lado 
LogMAR 0.2 
Porque diez coche ojo mí 
barato vieja pro nada no 
Vive donde oro pierde de 
Fin yo cual única pasado 
LogMAR 0.1 
Luego cuarto ha frío bis 
Cocina hasta hora que yo 
Va son enorme mano bueno  
Llevar como así no recio 
 
LogMAR 0.0 
Niño que yo exacto sólo 
Son se lícito padre suyo 
Mujer cuando fue aire su 
Lejos acerca la suma mal 
LogMAR -0.1 
Sea mano santo es conejo 
Verdad padre pato bis un 
Salvo mí ser barato plan 
Fuera ella aparte hay ha 
LogMAR -0.2 
Vino vamos que exacto el 
Viene anoche sopa su con 
Manera cena parte mí día 
Sí aprisa mar roto simple 
 
LogMAR -0.3 
Vaca acá nunca lo tiempo 
Del todo lento acerca ha 
pasado va boca eso lejos 
Gafa alguno que total de 
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Appendix II 
 
Table Ap.II.1 Subjective visual performance statistical analysis between spherical and 
aspherical IOL group 
Distance High Contrast Visual Acuity [logMAR] 
 In-focus +2.00x180 +2.00x90 +1.00 DS 
Spherical -0.04 ± 0.05 0.31 ± 0.13 0.34 ± 0.15 0.20 ± 0.11 
Aspherical -0.04 ± 0.06 0.33 ± 0.06 0.36 ± 0.16 0.21 ± 0.15 
p-value p=0.93 p=0.69 p=0.72 p=0.83 
Distance Low Contrast Visual Acuity [logMAR] 
 In-focus +2.00x180 +2.00x90 +1.00 DS 
Spherical 0.22 ± 0.13 0.65 ± 0.15 0.68 ± 0.18 0.56 ± 0.13 
Aspherical 0.23 ± 0.13 0.69 ± 0.15 0.70 ± 0.13 0.60 ± 0.17 
p-value p=0.81 p=0.43 p=0.73 p=0.46 
Near High Contrast Visual Acuity [logMAR] 
 Out-of-focus +2.00x180 +2.00x90 In-focus 
Spherical 0.53 ± 0.18 0.37 ± 0.16 0.33 ± 0.16 -0.04 ± 0.07 
Aspherical 0.45 ± 0.19 0.27 ± 0.19 0.26 ± 0.23 -0.04 ± 0.08 
p-value p=0.22 p=0.08 p=0.28 p=0.71 
Near Low Contrast Visual Acuity [logMAR] 
 Out-of-focus +2.00x180 +2.00x90 In-focus 
Spherical 0.84 ± 0.19 0.65 ± 0.13 0.65 ± 0.12 0.18 ± 0.13 
Aspherical 0.78 ± 0.16 0.66 ± 0.15 0.62 ± 0.16 0.17 ± 0.15 
p-value p=0.21 p=0.95 p=0.55 p=0.91 
Reading Performance – Area Under the Curve  
 Out-of-focus +2.00x180 +2.00x90 In-focus 
Spherical 1.03 ± 0.36 1.33 ± 0.33 1.50 ± 0.34 2.13 ± 0.24 
Aspherical 1.01 ± 0.37 1.37 ± 0.47 1.46 ± 0.54 2.08 ± 0.34 
p-value p=0.87 p=0.79 p=0.72 p=0.58 
Reading Performance – Threshold Print Size [logMAR] 
 Out-of-focus +2.00x180 +2.00x90 In-focus 
Spherical 1.03 ± 0.19 0.91 ± 0.16 0.82 ± 0.18 0.43 ± 0.11 
Aspherical 1.08 ± 0.24 0.92 ± 0.27 0.77 ± 0.26 0.47 ± 0.16 
p-value p=0.44 p=0.69 p=0.92 p=0.72 
Reading Performance – Reading Acuity [logMAR] 
 Out-of-focus +2.00x180 +2.00x90 In-focus 
Spherical 0.56 ± 0.17 0.41 ± 0.16 0.33 ± 0.16 0.01 ± 0.08 
Aspherical 0.60 ± 0.13 0.39 ± 0.22 0.33 ± 0.24 0.02 ± 0.12 
p-value p=0.53 p=0.75 p=0.53 p=0.47 
Reading Performance – Maximum Reading Speed [WPM] 
 Out-of-focus +2.00x180 +2.00x90 In-focus 
Spherical 109.98 ± 26.53 111.20 ± 33.17 116.50 ± 34.66 115.36 ± 28.08 
Aspherical 99.06 ± 28.11 104.12 ± 33.39 98.19 ± 25.11 107.13 ± 26.25 
p-value p=0.32 p=0.58 p=0.14 p=0.42 
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Table Ap.II.2 Biometric data statistical analysis between spherical and aspherical IOL group. 
 Spherical Aspherical p-value 
Pupil (mm)    
Distance  4.05 r 0.76 4.23 r  0.90 p=0.51 
Near 3.01 r 0.57 3.17 r 0.80 p=0.46 
Axial Length (mm) 23.586 r 1.401 23.086 r 0.916 p=0.26 
ACD (mm) 4.482 r 0.517 4.154 r 0.622 p=0.07 
Mean Keratometric 
Power (D) 43.375 r 1.531 43.435 r 1.784 
p=0.91 
Pre-operative Sphere 
(refraction) 0.112 r 0.593 0.025 r 0.558 
p=0.65 
Corneal Multifocality    
Concentric Area Method (D.mm-1) 
4.0 mm -0.394 r 0.461 -0.078 r 0.138 p=0.04 
3.0 mm -0.487 r 0.666 -0.135 r 0.209 p=0.10 
Maximum & Minimum Method (D) 
4.0 mm 3.111 r 2.849 2.552 r 1.293 p=0.55 
3.0 mm 2.927 r 2.882 2.157 r 0.909 p=0.40 
Age (years) 66.7 r 7.9 66.2 r 5.5 p=0.80 
IOL Power (D) 20.03 r 3.46 21.60 r 2.17 p=0.16 
 
 
Table Ap.II.3 Corneal aberrations statistical analysis between spherical and aspherical IOL 
group. Zernike coefficients for 6.0 mm pupil, reference to corneal vertex  
Zernike Coefficient [μm]  
  Spherical Aspherical p-value 
ܥଵି ଵ -0.239 r 1.104 -0.477 r  0.911 p=0.53 
ܥଵଵ 0.008 r 0.850 0.188 r 0.652 p=0.53 
ܥଶି ଶ -0.105 r 0.472 -0.006 r 0.342 p=0.53 
ܥଶ଴ 1.771 r 0.263 1.768 r 0.116 p=0.97 
ܥଶଶ -0.344 r 0.671 -0.563 r 0.310 p=0.31 
ܥଷି ଷ -0.032 r 0.244 -0.168 r 0.267 p=0.12 
ܥଷି ଵ -0.099 r 0.218 -0.148 r 0.350 p=0.57 
ܥଷଵ 0.008 r 0.242 0.027 r 0.189 p=0.81 
ܥଷଷ 0.018 r 0.252 0.171 r 0.559 p=0.16 
ܥସି ସ -0.002 r 0.119 -0.048 r 0.187 p=0.32 
ܥସି ଶ -0.003 r 0.054 -0.011 r 0.064 p=0.68 
ܥସ଴ 0.259 r 0.105 0.367 r 0.112 p=0.002 
ܥସଶ 0.041 r 0.108 -0.081 r 0.166 p=0.004 
ܥସସ -0.058 r 0.125 -0.105 r 0.342 p=0.45 
ܥହି ହ -0.004 r 0.074 0.055 r 0.105 p=0.04 
ܥହି ଷ 0.029 r 0.062 0.011 r 0.061 p=0.40 
ܥହି ଵ -0.030 r 0.060 -0.015 r 0.094 p=0.52 
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Zernike Coefficient [μm]  
  Spherical Aspherical p-value 
ܥହଵ -0.003 r 0.035 -0.020 r 0.064 p=0.24 
ܥହଷ 0.000 r 0.058 0.005 r 0.053 p=0.80 
ܥହହ 0.007 r 0.058 0.048 r 0.071 p=0.06 
ܥ଺ି ଺ -0.002 r 0.032 -0.013 r 0.086 p=0.29 
ܥ଺ି ସ 0.000 r 0.014 -0.002 r 0.060 p=0.98 
ܥ଺ି ଶ -0.023 r 0.020 -0.001 r 0.035 p=0.88 
ܥ଺଴ -0.023 r 0.020 -0.029 r 0.048 p=0.50 
ܥ଺ଶ 0.006 r 0.023 0.019 r 0.053 p=0.21 
ܥ଺ସ -0.003 r 0.024 -0.004 r 0.020 p=0.89 
ܥ଺଺ -0.002 r 0.030 -0.009 r 0.017 p=0.44 
 
 
Table Ap.II.4 Ocular aberrations statistical analysis between spherical and aspherical IOL 
group. Zernike coefficients for 4.0 mm pupil, reference to pupil centre  
Zernike Coeficcient [μm] 
4.0 mm Pupil 
 
  Spherical Aspheric p-value 
ܥଵି ଵ -0.321 r 0.182 -0.280 r  0.191 p=0.76 
ܥଵଵ -0.136 r 0.195 -0.138 r 0.164 p=0.33 
ܥଶି ଶ -0.023 r 0.169 -0.046 r 0.155 p=0.79 
ܥଶ଴ 0.472 r 0.343 0.455 r 0.271 p=0.71 
ܥଶଶ 0.056 r 0.241 0.027 r 0.235 p=0.87 
ܥଷି ଷ -0.047 r 0.084 -0.069 r 0.076 p=0.45 
ܥଷି ଵ -0.017 r 0.064 0.034 r 0.081 p=0.03 
ܥଷଵ 0.009 r 0.068 0.022 r 0.073 p=0.59 
ܥଷଷ 0.011 r 0.060 0.003 r 0.087 p=0.74 
ܥସି ସ 0.003 r 0.037 -0.003 r 0.036 p=0.63 
ܥସି ଶ -0.008 r 0.056 0.013 r 0.026 p=0.25 
ܥସ଴ 0.058 r 0.096 0.067 r 0.068 p=0.77 
ܥସଶ 0.003 r 0.039 -0.012 r 0.037 p=0.29 
ܥସସ -0.020 r 0.032 -0.027 r 0.029 p=0.54 
ܥହି ହ -0.003 r 0.025 0.007 r 0.025 p=0.24 
ܥହି ଷ 0.003 r 0.014 -0.005 r 0.029 p=0.16 
ܥହି ଵ -0.001 r 0.014 -0.005 r 0.031 p=0.61 
ܥହଵ -0.001 r 0.024 0.001 r 0.013 p=0.73 
ܥହଷ -0.002 r 0.014 0.005 r 0.009 p=0.13 
ܥହହ 0.001 r 0.016 0.008 r 0.014 p=0.18 
ܥ଺ି ଺ 0.0002 r 0.015 -0.003 r 0.011 p=0.56 
ܥ଺ି ସ -0.003 r 0.014 0.002 r 0.009 p=0.31 
ܥ଺ି ଶ -0.004 r 0.035 0.004 r 0.022 p=0.45 
ܥ଺଴ 0.029 r 0.056 0.033 r 0.053 p=0.85 
ܥ଺ଶ 0.001 r 0.014 -0.008 r 0.025 p=0.09 
ܥ଺ସ 0.002 r 0.012 0.003 r 0.013 p=0.77 
ܥ଺଺ -0.003 r 0.014 -0.004 r 0.018 p=0.90 
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Table Ap.II.5 Predicted Visual Performance statistical analysis between spherical and 
Aspherical IOL group 
Predicted Distance Visual Acuity [logMAR] 
 In-focus +2.00x180 +2.00x90 +1.00 DS 
Spherical 0.03 ± 0.09 0.30 ± 0.11 0.33 ± 0.14 0.49 ± 0.26 
Aspheric 0.02 ± 0.06 0.39 ± 0.22 0.31 ± 0.13 0.68 ± 0.23 
p-value p=0.57 p=0.08 p=0.60 p=0.02 
Predicted Near Visual Acuity [logMAR] 
 Out-of-focus +2.00x180 +2.00x90 In-focus 
Spherical 1.01 ± 0.18 0.47 ± 0.24 0.44 ± 0.23 0.04 ± 0.09 
Aspheric 0.99 ± 0.23 0.47 ± 0.26 0.49 ± 0.28 0.02 ± 0.08 
p-value p=0.77 p=0.97 p=0.54 p=0.54 
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